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Biofuel  has  got  tremendous  attraction  for  the  last  decade  as  an  alternative  source  of  energy.  Bioethanol 
and  biodiesel  are  two  main  products  of  first  generation  biofuel.  Biodiesel  is  chemically  fatty  acid  methyl 
esters  prepared  from  various  edible  and  non-edible  oils.  It  has  been  used  as  a  substitute  to  mineral 
diesel  during  the  last  decade.  This  review  is  about  generation,  transesterification,  factors  affecting 
transesterification,  catalysts  (homogeneous  and  heterogeneous)  and  physico-chemical  characterization 
of  biodiesel  by  chromatographic  and  spectroscopic  techniques.  The  alkaline  homogeneous  catalysts 
(NaOH  or  KOH)  have  been  used  on  commercial  scale  for  production  of  biodiesel  because  these  are 
cheap  and  reaction  occurs  in  less  time.  The  heterogeneous  catalysts  such  as  metal  oxides,  e.g.,  CaO, 
MgO,  SrO,  ZnO,  La203,  Mg-Al  hydrolalcite  have  been  used  for  transesterification  of  vegetable  oil  due  to 
their  easy  separation  and  reuse  but  these  catalysts  take  more  time  for  completion  of  reaction.  The  yield 
of  biodiesel  may  be  affected  by  alcohol/oil  ratio,  concentration  of  catalyst,  time  required  for  reaction, 
temperature  free  fatty  acid  moisture.  The  prepared  biodiesel  has  been  characterized  by  chromato¬ 
graphic  techniques  like  gas  chromatography,  gas  chromatography-mass  spectroscopy,  high  perfor¬ 
mance  liquid  chromatography  and  spectroscopic  techniques  like  nuclear  magnetic  resonance  and 
infrared  spectroscopy. 
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1.  Introduction 

The  energy  demand  of  the  world  is  being  increased  day  by  day 
due  to  more  population,  industrial  development,  agricultural 
sector  and  transportation.  The  petroleum  fuel  has  been  depleting 
day  by  day,  so  fuel  shortage  spurred  interest  in  diversifying  fuel 
resources,  such  as  biofuels  (biodiesel  or  ethanol),  biomass,  and 
solar  energies  will  have  to  be  wide  spread.  The  production  and 
commercial  use  of  biofuel  have  been  increased  since  the  last 
decade  due  to  environmental  concerns,  fluctuating  oil  prices  and 
future  supply  constraints.  Biofuel  industries  have  been  increased 
in  many  countries  in  order  to  decrease  dependence  on  foreign 
petroleum  oil.  However  the  demerits  of  biofuel  include  shortage 
of  food  crops  particularly  in  developing  countries  and  high  cost  of 
process.  Biofuels  are  a  wide  range  of  fuels  which  are  in  some  way 
derived  from  biomass.  The  term  covers  solid  biomass,  liquid  fuels 
and  various  biogases  [1].  Biofuel  consists  of  three  main  genera¬ 
tions,  first  generation  biofuel  produced  primarily  from  food  crops 
like  sugar  cane  (bioethanol)  and  vegetable  oils  (biodiesel),  second 
generation  biofuel  produced  from  non-food  biomass  such  as 
ligno-cellulosic  feedstock  materials  which  include  by-products 
(cereal  straws,  sugar  cane  bagasse,  forest  residues),  organic 
components  of  municipal  solid  wastes  and  dedicated  feedstocks 
i.e.,  purpose  grown  vegetable  grasses,  short  rotation  forests  etc, 
and  third  generation  biofuel  produced  from  microalgae. 

The  main  concern  of  this  review  is  about  the  biodiesel  (first 
generation  biofuel).  Biodiesel  is  an  alternative  fuel  formulated 
exclusively  for  diesel  engines  and  may  be  prepared  from  vege¬ 
table  oils  or  animal  fat.  Chemically  biodiesel  is  a  mixture  of  fatty 
acid  methyl  esters  (FAMEs)  derived  from  the  reaction  of  trigly¬ 
cerides  and  methanol  in  the  presence  of  a  catalyst.  Biodiesel  can 
be  mixed  with  petroleum  diesel  in  any  percentage,  from  1%  to 
99%,  which  is  represented  by  a  number  following  a  B. 
For  example,  B5  is  5%  biodiesel  with  95%  petroleum,  or  B100  is 
100%  biodiesel,  without  any  petroleum.  Biodiesel  is  biodegradable 
up  to  4  times  faster  than  petroleum  diesel  and  non-toxic.  It  does 
not  ignite  spontaneously  under  normal  circumstances  due  to  its 
higher  flash  point.  It  has  a  mild,  rather  pleasant  odor  in  accor¬ 
dance  with  strict  industrial  specifications  that  meets  ASTM  D6751 
standards.  The  aim  of  this  review  is  to  investigate  comprehen¬ 
sively  various  parameters  affecting  %  age  yield  of  biodiesel, 
comparison  of  activity  of  homogeneous  and  heterogeneous  cata¬ 
lysts  used  in  transesterification  and  finally  techniques  which  have 
been  used  for  chemical  characterization  of  biodiesel. 


3.3.  Generations  of  biodiesel 

There  are  three  generations  of  biodiesel,  first  generation 
biodiesel  produced  from  edible  oils  such  as  rapeseed  [2]  soyabean 
[3-5],  palm  [6-9],  rocket  seed  [10]  sunflower  [11,12]  etc.  More 
than  95%  of  this  type  of  biodiesel  has  been  used  on  commercial 
scale  in  USA  and  Europe.  Second  generation  biodiesel  includes  use 


of  non-edible  oil  such  as  jatropha,  [12-14],  jojoba  oil  [15], 
pongamia  pinnata  [16,17],  neem  oil  [18]  etc.  The  seeds  of  jatropha 
and  pongamia  pinnata  are  more  suitable  [16,17]  due  to  higher  oil 
contents  [18].  This  type  of  biodiesel  generation  has  been  exten¬ 
sively  investigated  over  the  past  few  years  because  edible  oil  has 
impact  on  global  market  and  food  security  [19].  Third  generation 
biodiesel  feedstocks  are  derived  from  microalgae.  Recent  research 
is  focused  on  microalgae  to  produce  biodiesel  [20],  The  merits  and 
demerits  of  all  the  three  generations  are  listed  in  Table  1. 


2.  Transesterification 

Transesterification,  also  known  as  alcoholysis  is  the  reaction  of 
vegetable  oil  or  animal  fat  with  an  alcohol  to  form  esters  and 
glycerol.  To  complete  a  transesterification  reaction,  stoichiome- 
trically,  a  3:1  M  ratio  of  alcohol  to  triglycerides  is  needed. 
In  practice,  to  have  a  maximum  ester  yield,  this  ratio  needs  to  be 
slightly  higher  than  the  stoichiometric  ratio.  Because  the  reaction  is 
reversible,  excess  alcohol  is  used  to  shift  the  equilibrium  to  the 
products  side  [21].  A  catalyst  is  usually  used  to  improve  the  reaction 


Table  1 

Merits  and  demerits  of  biodiesels  from  different  generations. 


Type  of 

biodiesel 

generation 

Merits 

Demerits 

First 

•  Locally  grown 

•  High  production 

•  Good  quality  biodiesel 

•  Require  more 
arable  land 

•  Produce  serious  food 
and  ecological 
imbalance 

•  Deforestation 

Second 

•  Eliminate  food  competition 

•  Environment  friendly 

•  Require  less  farm  land 

•  Can  be  cultivated  on 
waste  land 

•  Production  is  not  as 
per  commercial 
demand 

•  Require  more  alcohol 
for  transesterification 

•  More  viscous 

Third 

•  High  photosynthetic  efficiency 
to  produce  biomass 

•  High  growth  rate  and 

•  Need  enough  sunshine 

•  Non-availability  on 
commercial  scale 

productivity 

•  Fast  reproduction 

•  Better  oil  %  age  yield 

•  Do  not  effect  human  food 
supply  chain 

•  Do  not  compete  for  land  with 
crops  used  for  food  production 
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rate  and  yield.  The  reaction  can  be  catalyzed  by  alkalis,  acids,  or 
enzymes.  Generalized  reaction  is  shown  in  Scheme  1. 

Transesterification  consists  of  a  sequence  of  three  consecutive 
reversible  reactions.  The  first  step  is  the  conversion  of  triglycer¬ 
ides  to  diglycerides,  followed  by  the  conversion  of  diglycerides  to 
monoglycerides,  and  finally  monoglycerides  to  glycerol,  yielding 
one  ester  molecule  for  each  glyceride  at  each  step.  The  reactions 
are  reversible,  although  the  equilibrium  lies  towards  the  produc¬ 
tion  of  fatty  acids  esters  and  glycerol.  The  mechanism  and  kinetics 
of  transesterification  have  been  described  in  detail  by  Meher  et  al. 
and  Encinar  et  al.  [22,23].  The  basic  mechanism  is  shown  in 
Scheme  2. 


CfrjOCOR1 

CH3OCOR1 

CH2OH 

Catalyst 

+ 

CHOCOR2 

+  3CH3OH  - 

 w 

CH3OCOR2  + 

CH  OH 

CH2OCOR3 

CH3OCOR3 

CH2OH 

triglyceride 

methanol 

methyl  esters 

glycerol 

Scheme  1. 

Transesterification  of  triglyceride  with  methanol  in  the 

presence  of 

catalyst. 

Triglyceride  +  ROH  Diglyceride  +  RCOOR 

Diglyceride  +  ROH  Monoglyceride  +  RCOOR 

Monoglycerides  +  ROH  .  — ~~  Glycerol  +  RCOOR 

Scheme  2.  General  equation  for  transesterification  of  triglyceride. 

2.3.  Experimental  process 

When  the  catalyst,  alcohol,  and  oil  are  mixed,  agitated  in  a 
reaction  vessel,  the  transesterification  reaction  will  start.  A  stirred 
reactor  is  usually  used  as  the  reaction  vessel  for  continuous  alkali- 
catalyzed  biodiesel  production.  The  temperature  is  kept  just 
below  the  boiling  point  of  the  alcohol  (i.e.  64.5  °C  for  methanol). 
Normally,  excess  alcohol  is  used  to  ensure  maximum  conversion 
of  the  oil  to  its  methyl  esters.  Once  the  transesterification  reaction 
is  completed,  two  major  products  exist,  biodiesel  and  glycerol. 
The  glycerol  phase  is  denser  than  the  biodiesel  phase  and  settles 
at  the  bottom  of  the  reaction  vessel,  allowing  it  to  be  separated 
from  the  biodiesel  phase.  Phase  separation  can  be  observed 
within  10  min  and  can  be  completed  within  several  hours  of 
settling.  The  reaction  mixture  is  allowed  to  settle  in  the  reaction 
vessel  in  order  to  allow  the  initial  separation  of  biodiesel  and 
glycerol,  or  the  mixture  is  pumped  into  a  settling  vessel.  In  some 
cases,  a  centrifuge  may  be  used  to  separate  the  two  phases  [24]. 
Both  the  biodiesel  and  glycerol  are  contaminated  with  the 
unreacted  catalyst,  alcohol,  and  oil  during  the  transesterification 
step.  Soap  that  may  be  generated  during  the  process  also 
contaminates  the  biodiesel  and  glycerol  phase.  Schumacher  [25] 
suggested  that  although  the  glycerol  phase  tends  to  contain  a 


higher  percentage  of  contaminants  than  the  biodiesel,  a  signifi¬ 
cant  amount  of  contaminants  is  also  present  in  the  biodiesel. 
Therefore,  crude  biodiesel  needs  to  be  purified  before  use. 

2.2.  Purification  of  crude  biodiesel 

After  separation  from  the  glycerol  phase,  crude  biodiesel  is 
mainly  contaminated  with  residual  catalyst,  unreacted  alcohol,  free 
glycerol,  and  soap  that  were  generated  during  the  transesterifica¬ 
tion  reaction  [26].  Normally,  crude  biodiesel  is  subjected  to  neu¬ 
tralization  step  and  then  passes  through  an  alcohol  stripper  before 
the  washing  step.  In  some  cases,  acid  is  added  to  crude  biodiesel  to 
neutralize  unreacted  catalyst  and  to  split  any  soap.  Soaps  react  with 
the  acid  to  form  water  soluble  salts  and  free  fatty  acids.  The  primary 
purpose  of  this  step  is  to  wash  out  the  remnants  of  catalyst,  soap, 
salts,  residual  alcohol,  and  free  glycerol  from  the  crude  biodiesel. 
Generally,  four  main  approaches  are  adopted  for  purification  of 
biodiesel,  i.e.  water  washing,  washing  with  solid  adsorbent  and 
water,  dry  washing  [27]  and  membrane  extraction  [28-30],  which 
are  shown  in  Table  2  and  briefly  discussed  as  follows. 

2.2.1.  Water  washing 

Water  washing  is  generally  carried  out  to  remove  soap, 
catalyst,  methanol  and  other  contaminants  from  biodiesel.  Since 
glycerol  and  alcohol  are  highly  soluble  in  water,  water  washing  is 
very  effective  for  removing  both  these  contaminants.  It  also 
removes  any  residual  sodium  salts  and  soaps.  The  primary 
material  for  water  washing  is  acidified  warm  water  [31,32].  Warm 
water  prevents  the  precipitation  of  saturated  fatty  acid  esters  and 
retards  the  formation  of  emulsions  with  a  gentle  washing  action. 
Acidified  water  eliminates  calcium  and  magnesium  contamination 
and  neutralizes  any  remaining  alkali  catalysts  [24].  After  washing 
several  times,  the  water  phase  becomes  clear,  indicating  that  the 
contaminants  have  been  completely  removed.  Then,  the  biodiesel 
and  water  phases  are  separated  by  a  separating  funnel  or  cen¬ 
trifugation  [33].  Because  of  the  immiscibility  of  water  and  biodie¬ 
sel,  molecular  sieves  and  silica  gel,  can  also  be  used  to  remove 
remaining  water  from  the  biodiesel  [24],  The  remaining  water  can 
also  be  removed  from  the  biodiesel  by  keeping  the  product  over 
anhydrous  Na2S04  (25  wt%  of  the  amount  of  the  ester  product) 
overnight  followed  by  filtration  [34,35], 

2.2.2.  Washing  with  solid  adsorbent  and  water 

Adsorbents  are  another  mean  of  treating  transesterified  pro¬ 
duct.  Adsorbent  such  as  magnesol  has  the  potential  of  selectively 
adsorbing  hydrophilic  materials  such  as  glycerol  and  glycerides. 
This  treatment,  followed  by  filtration,  has  been  shown  to  be 
effective  in  lowering  glycerides  and  total  glycerol  levels.  Some 
vegetable  oils,  yellow  and  brown  greases,  leave  an  objectionable 
color  in  the  biodiesel.  Activated  carbon  bed  is  used  to  remove 
excessive  biodiesel  color  [24].  Dube  et  al.  [36]  mentioned  the  use 
of  solid  adsorbents,  such  as  activated  clay,  carbon,  fiber,  etc  to 
purify  the  resultant  biodiesel. 


Table  2 

Merits  and  demerits  of  different  purification  methods  for  biodiesel. 


Approaches 

Merits 

Demerits 

Ref. 

Water  washing 

Very  effective  in  removing  contaminants 

Increased  cost  and  production  time,  liquid  effluent, 
product  loss,  emulsions  formation 

[30-32,35] 

Washing  with  adsorbent 
and  water 

Remove  biodiesel  color 

Effective  in  lowering  glycerides  and  total  glycerol  level 

Problem  of  wastewater  treatment 

[36] 

Dry  washing 

Waterless 

Over  runs  the  limit  in  the  EN  (European)  Standard 

[37,38] 

Membrane  extraction 

Avoids  the  emulsion  formation  and  decreases  the 
refining  loss 

Probably  high  cost  and  low  throughput  due  to 
contaminants 

[36,39-41] 

6306 


M.  Tariq  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-6316 


Hot  deionized  water  washing  at  50  °C  is  considered  to  be  the 
best  way  to  separate  and  purify  biodiesel  but  with  challenging 
wastewater  treatment  problem. 

2.2.3.  Dry  washing 

Ion  exchange  resin  or  magnesium  silicate  powders  are  being 
used  for  dry  washing  to  remove  impurities  from  biodiesel  [27].  This 
method  can  bring  the  free  glycerol  level  down  and  is  reasonably 
effective  for  removing  soaps  as  well.  Both  the  ion  exchange  process 
and  the  magnesol  process  have  the  advantage  of  being  non-aqueous 
and  thus  eliminate  many  problems  outlined  above.  Although  the 
magnesol  process  has  a  better  effect  on  the  removal  of  methanol 
than  the  ion  resins,  none  of  the  products  from  this  process  fulfill  the 
specified  limits  in  the  European  Standard  (EN)  [37,38]. 

2.2.4.  Membrane  extraction 

The  use  of  membrane  equipments  for  the  separation  and 
purification  of  crude  biodiesel  seems  to  exhibit  several  advan¬ 
tages  over  the  conventional  ones  such  as  eradication/minimiza¬ 
tion  of  higher  capital  cost  and  other  related  costs  of  production, 
and  provide  high  specific  area  of  mass  transfer.  Membrane 
equipments  for  biodiesel  refining  are  usually  made  from  inor¬ 
ganic  microporous  ceramic  membranes.  Some  of  the  most  effec¬ 
tive  devices  used  for  the  separation  and  purification  of  crude 
biodiesel  include:  membrane  reactor  and  separative  ceramic 
membrane. 

Operations  involving  membrane  technologies  in  the  last  years 
have  shown  their  potentialities  in  the  rationalization  of  produc¬ 
tion  systems  [39].  Membrane  performance  is  usually  governed 
by:  selectivity  or  separation  factor  and  permeability.  In  the 
absence  of  defects,  the  selectivity  is  a  function  of  the  material 
properties  at  given  operating  conditions.  The  productivity  is  a 
function  of  the  material  properties  as  well  as  the  thickness  of  the 
membrane  film  which  is  inversely  proportional  to  thickness  [40]. 
Membrane  reactors’  intrinsic  characteristics  of  efficiency,  opera¬ 
tional  simplicity  and  flexibility,  relatively  high  selectivity  and 
permeability,  low  energy  requirements,  good  stability  under  a 
wide  spectrum  of  operating  conditions,  environment  compatibil¬ 
ity,  easy  control  and  scale-up  have  been  confirmed  in  a  variety  of 
applications  and  operations,  as  molecular  separations,  fractiona¬ 
tions,  concentrations,  purifications,  clarifications,  emulsifications, 
crystallizations,  etc  [39]. 

The  membrane  reactor  removes  unreacted  vegetable  oil  from 
the  fatty  acid  methyl  esters  (FAMEs)  product  after  transesterifica¬ 
tion,  yielding  high-purity  biodiesel  and  shifting  the  reaction 
equilibrium  to  the  product  side  [36].  The  membrane  process 
was  particularly  useful  in  removing  unreacted  oil  from  the  FAME 
product  yielding  high  purity  biodiesel.  Additionally,  a  novel 
refining  method  using  the  membrane  extraction  was  developed 
by  He  et  al.  [29].  The  authors  compared  membrane  extraction  and 
the  traditional  extraction  methods  of  biodiesel  refining.  It  is  a 
very  promising  method  for  purifying  biodiesel. 

2.3.  Factors  affecting  the  yield  of  biodiesel 

The  yield  of  biodiesel  is  affected  by  various  factors  such  as 
presence  of  moisture,  amount  of  free  fatty  acid,  molar  ratio  of 
alcohol,  concentration  of  catalyst  and  reaction  time.  These  factors 
are  briefly  discussed  as  follows. 

2.3.1.  The  effects  of  moisture  and  free  fatty  acids 

The  moisture  contents  and  free  fatty  acid  are  key  parameters 
for  determining  the  viability  of  the  vegetable  oil  for  transester¬ 
ification.  The  effects  of  free  fatty  acids  (FFA)  and  water  contents 
on  transesterification  of  beef  tallow  with  methanol  were 


investigated  which  showed  that  the  water  and  FFA  content  should 
be  kept  below  0.06%  and  below  0.5%,  w/w  respectively  in  order  to 
get  the  best  conversion  [41,42].  Water  content  was  a  more  critical 
variable  in  the  transesterification  than  were  free  fatty  acids  (FFA). 
The  starting  materials  used  for  alkali-catalyzed  transesterification 
of  glycerides  must  meet  certain  specifications.  The  glyceride 
should  have  an  acid  value  less  than  1  mg  KOH/g  of  sample  and 
all  materials  should  be  substantially  anhydrous.  If  the  low 
qualities  of  beef  tallow  or  vegetable  oil  with  high  FFA  are  used 
to  make  biodiesel  fuel,  they  must  be  refined  by  saponification 
using  NaOH  solution  to  remove  free  fatty  acids  (FFA).  Conversely, 
the  acid  catalyzed  process  can  also  be  used  for  esterification  of 
these  free  fatty  acids  [43-45]. 

2.3.2.  The  effect  of  molar  ratio  of  alcohol 

One  of  the  most  important  variables  affecting  the  yield  of  ester 
is  the  molar  ratio  of  alcohol  to  triglyceride.  The  stoichiometric 
ratio  for  transesterification  requires  three  moles  of  alcohol  and 
one  mole  of  triglyceride  to  yield  three  moles  of  fatty  acid  alkyl 
esters  and  one  mole  of  glycerol.  However,  transesterification  is  an 
equilibrium  reaction  in  which  a  large  excess  of  alcohol  is  required 
to  drive  the  reaction  to  the  product  side.  Bradshaw  and  Meuly 
[43]  have  reported  the  practical  range  of  molar  ratio  3.3-5.25:1 
for  methanol  to  vegetable  oil.  The  ratio  of  4.8:1  was  used  in  some 
examples,  with  a  yield  of  97-98%,  depending  upon  the  quality  of 
the  oils.  If  a  three  step  transesterification  process  was  used,  the 
ratio  was  reduced  to  3.3:1.  Methanol  present  in  amounts  of  above 
1.75  equivalents  tended  to  prevent  the  gravity  separation  of  the 
glycerol,  thus  adding  more  cost  to  the  process. 

Higher  molar  ratios  result  in  greater  ester  conversion  in  a 
shorter  time.  Rapeseed  oil  was  methanolyzed  using  1%  NaOH/KOH 
[46].  It  was  found  that  the  molar  ratio  of  6:1  of  methanol  to  oil 
gave  the  best  conversion.  When  a  large  amount  of  free  fatty  acids 
was  present  in  the  oil,  a  molar  ratio  as  high  as  15:1  was  needed 
under  acid  catalysis  [47].  Freedman  et  al.  [48]  studied  the  effect  of 
molar  ratio  (from  1:1  to  6:1)  on  ester  conversion  with  vegetable 
oils.  Soybean,  sunflower,  peanut  and  cotton  seed  oils  behaved 
similarly  and  achieved  highest  conversions  of  93-98%  at  a  molar 
ratio  of  6:1  [49].  In  the  ethanolysis  of  peanut  oil,  a  6:1  M  ratio 
liberated  significantly  more  glycerin  than  did  a  3:1  M  ratio  [44]. 

In  the  process  of  alcoholysis,  the  catalyst,  either  sodium 
hydroxide  or  potassium  hydroxide  is  dissolved  in  polar  alcohol 
phase,  in  which  triglycerides  must  transfer  in  order  to  react.  The 
reaction  is  initially  mass-transfer  controlled  and  does  not  con¬ 
form  to  expect  homogeneous  kinetics.  When  the  concentration  of 
these  intermediates  reaches  a  critical  level,  emulsions  form.  The 
larger  non-polar  group  in  ethanol,  relative  to  methanol,  is 
assumed  to  be  the  critical  factor  in  stabilizing  the  emulsions. 
However,  when  the  concentrations  of  mono-  and  di-glycerides 
are  very  low,  then  the  emulsions  become  unstable. 

2.3.3.  The  effect  of  catalyst 

Catalysts  are  classified  as  alkali,  acid,  or  enzyme.  Alkali-catalyzed 
transesterification  is  much  faster  than  acid-catalyzed  [48].  However 
if  a  glyceride  has  a  higher  free  fatty  acid  contents  and  more  water, 
acid-catalyzed  transesterification  is  more  suited  [47,48].  Alkalis 
include  hydroxide,  methoxide,  amide  and  hydride  of  sodium  and 
potassium  [47].  Sodium  methoxide  was  more  effective  than  sodium 
hydroxide  [50]  because  of  the  assumption  that  a  small  amount  of 
water  was  produced  upon  mixing  NaOH  and  MeOH.  Ester  conver¬ 
sions  at  the  6:1  ratio  of  methanol/oil,  for  1%  NaOH  and  0.5%  NaOCH3 
were  almost  the  same  after  60  min  [48].  Sodium  hydroxide,  how¬ 
ever,  is  cheaper  and  is  used  widely  in  large-scale  production.  More 
recently,  an  immobilized  lipase  was  employed  to  catalyze  the 
methanolysis  of  corn  oil  in  flowing  supercritical  carbon  dioxide 
with  an  ester  conversion  of  >  98%  [51], 
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Freedman  et  al.  [48]  found  that  sodium  methoxide  was  more 
effective  than  sodium  hydroxide  because  upon  mixing  sodium 
hydroxide  with  methanol  a  small  amount  of  water  will  be 
produced,  which  will  affect  the  product  yield  because  of  the 
hydrolysis  reaction  [52].  This  is  the  reason  why  the  catalyst 
should  be  added  into  the  methanol  first  and  then  mixed  with 
the  oil.  As  the  catalyst  concentration  increases  the  conversion  of 
triglyceride  and  the  yield  of  biodiesel  increases  since  an  insuffi¬ 
cient  amount  of  catalysts  result  in  an  incomplete  conversion  of 
the  triglycerides  into  the  fatty  acid  esters  [53].  Usually,  the  yield 
reaches  an  optimal  value  when  the  catalyst  (NaOH)  concentration 
reaches  1 .5  wt%  and  with  further  increase  in  catalyst  concentra¬ 
tion  the  yield  decreases  due  to  formation  of  soap  [54]. 

Methanolysis  of  beef  tallow  was  studied  with  NaOH  and 
NaOMe  as  catalysts  and  NaOH  was  found  to  be  significantly 
better  than  NaOMe  [42].  The  catalysts  NaOH  and  NaOMe  reached 
their  maximum  activity  at  0.3%  and  0.5%  w/w  of  the  beef  tallow, 
respectively.  Sodium  methoxide  causes  formation  of  several  by¬ 
products  mainly  sodium  salts,  which  are  to  be  treated  as  waste. 
In  addition,  high  quality  oil  is  required  with  this  catalyst  [55]. 
Attempts  have  been  made  to  use  basic  alkaline-earth  metal 
compounds  in  the  transesterification  of  rapeseed  oil  for  produc¬ 
tion  of  fatty  acid  methyl  esters.  The  alkaline-earth  metal  hydro¬ 
xides,  alkoxides  and  oxides  catalyzed  reaction  proceeds  slowly  as 
the  reaction  mixture  constitutes  a  three  immiscible  phase  system, 
which  for  diffusion  reason  inhibits  the  reaction  [56],  The  catalytic 
activity  of  magnesium  oxide,  calcium  hydroxide,  calcium  oxide, 
calcium  methoxide,  barium  hydroxide,  and  for  comparison, 
sodium  hydroxide  during  the  transesterification  of  rapeseed  oil 
was  investigated.  Sodium  hydroxide  exhibited  the  highest  cata¬ 
lytic  activity  in  this  process.  The  degree  to  which  the  substrates 
were  reacted  reached  85%  after  30  min  of  the  process  and  95% 
after  1.5  h,  which  represented  a  close  value  to  the  equilibrium. 
Barium  hydroxide  was  slightly  less  active  with  a  conversion  of 
75%  after  30  min.  Calcium  methoxide  was  medially  active.  The 
degree  to  which  the  substrates  were  reacted  was  55%  after  30  min 
and  the  rate  of  reaction  was  slowest  when  catalyzed  by  CaO. 
Magnesium  oxide  and  calcium  hydroxide  showed  no  catalytic 
activity  in  rapeseed  oil  methanolysis. 

Acid  catalyzed  transesterification  was  studied  with  waste 
vegetable  oils.  The  reaction  was  conducted  at  four  different 
catalyst  concentrations  i.e„  0.5,  1.0,  1.5  and  2.25  M  HC1  in 
presence  of  100%  excess  alcohol  and  the  result  was  compared 
with  2.25  M  H2S04  and  the  decrease  in  viscosity  was  observed. 
H2S04  has  shown  superior  catalytic  activity  in  the  range  of 
1.5-2.25  M  concentration  [57], 

Although  chemical  transesterification  using  an  alkaline  cata¬ 
lysis  process  gives  high  conversion  levels  of  triglycerides  to  their 
corresponding  methyl  esters  in  short  reaction  times,  the  reaction 
has  several  drawbacks:  it  is  energy  intensive,  difficulty  in  recov¬ 
ery  of  glycerol,  the  removal  of  alkaline  catalyst  from  the  product, 
treatment  of  the  alkaline  waste  water,  and  interference  of  free 
fatty  acid  and  water  in  the  reaction. 

Enzymatic  catalysts  like  lipases  are  able  to  effectively  catalyze 
the  transesterification  of  triglycerides  in  either  aqueous  or  non- 
aqueous  systems,  which  can  overcome  the  problems  mentioned 
above  [58].  In  particular,  the  by-products,  glycerol  can  be  easily 
removed  without  any  complex  process,  and  also  that  free  fatty 
acids  contained  in  waste  oils  and  fats  can  be  completely  con¬ 
verted  to  alkyl  esters.  On  the  other  hand,  the  production  cost  of  a 
lipase  catalyst  is  significantly  higher  than  others  alkali  or  acid  etc. 

2.3.4.  The  effect  of  reaction  time  and  temperature 

The  conversion  rate  increases  with  reaction  time.  Freedman 
et  al.  [48]  transesterified  peanut,  cottonseed,  sunflower  and 
soybean  oils  under  the  condition  of  methanol  to  oil  ratio  of  6:1, 


0.5%  sodium  methoxide  catalyst  and  60  °C.  An  approximate  yield 
was  80%  after  1  min  for  soybean  and  sunflower  oils.  After  1  h,  the 
conversions  were  almost  the  same  for  all  the  four  oils  (93-98%). 
Ma  et  al.  [42]  studied  the  effect  of  reaction  time  on  transester¬ 
ification  of  beef  tallow  with  methanol.  The  reaction  was  very  slow 
during  the  first  minute  due  to  the  mixing  and  dispersion  of 
methanol  into  beef  tallow.  From  1  to  5  min,  the  reaction  pro¬ 
ceeded  very  fast.  The  apparent  yield  of  beef  tallow  methyl  esters 
surged  from  1%  to  38%. 

Transesterification  can  occur  at  different  temperatures, 
depending  on  the  oil  used.  For  the  transesterification  of  refined 
oil  with  methanol  (6:1)  and  1%  NaOH,  the  reaction  was  studied 
with  three  different  temperatures  [48].  After  0.1  h,  ester  yields 
were  94%,  87%  and  64%  for  60,  45  and  32  °C,  respectively.  After 
1  h,  ester  formation  was  almost  similar  at  60  and  45  °C  runs  and 
was  lower  at  32  °C  run.  Temperature  clearly  influenced  the 
reaction  rate  and  yield  of  esters  [20].  Leung  and  Guo  [53]  and 
Eevera  et  al.  [54]  found  that  when  the  reaction  temperature 
increases  beyond  the  optimal  temperature,  the  yield  of  the 
biodiesel  product  decreases  due  to  acceleration  of  the  saponifica¬ 
tion  reaction  of  triglycerides.  Depending  on  the  oil  used,  the 
optimal  temperature  ranges  from  50  °C  to  60  DC  [20,48,53]. 
The  reaction  temperature  must  be  less  than  the  boiling  point  of 
alcohol  in  order  to  ensure  minimum  vaporization. 

3.  Catalytic  transesterification 

The  transesterification  of  oils  by  catalyst  are  of  two  types, 
homogeneous  and  heterogeneous.  The  homogeneous  catalysts 
have  got  more  importance  on  industrial  scale  because  these  are 
more  active,  take  less  time  for  transesterification  while  hetero¬ 
geneous  catalysts  are  more  useful  for  oils  containing  greater  FFA 
contents.  The  merits  and  demerits  of  homogeneous  and  hetero¬ 
geneous  catalysts  are  summarized  in  Tables  3  and  6. 

3.1.  Homogeneous  catalysts 

Homogenous  catalysts  used  for  production  of  biodiesel  are  of 
two  types,  alkaline  homogeneous  catalyst  and  acid  homogeneous 
catalyst.  The  alkaline  homogeneous  catalysts  are  suitable  for 
virgin  oil  containing  less  FFA  contents  because  high  FFA  contents 
cause  saponification  leading  to  soap  formation  and  difficulty  in 
separation.  The  acid  homogeneous  catalysts  are  more  suitable  for 
used  cooking  oil  containing  high  FFA  contents.  The  merits  and 
demerits  of  alkaline  homogeneous  and  acid  homogeneous  cata¬ 
lysts  are  summarized  in  Table  3. 

3.1.1.  Alkaline  homogeneous  catalysts 

This  class  includes  NaOH,  CH3ONa,  KOH,  and  CH30K 
[48,59-68].  These  catalysts  are  more  economic  because  process 
is  carried  out  at  a  low  temperature  (40-60  °C),  less  time 
(30-90  min)  and  under  atmospheric  pressure.  Also  the  conversion 
rate  is  high  with  no  intermediate  steps.  However,  the  alkaline 
homogenous  catalysts  are  highly  hygroscopic  and  absorb  water 
from  air  during  storage.  They  also  form  water  when  dissolved  in 
alcohol  and  affect  the  yield  [53],  Other  merits  and  demerits  are 
summarized  in  Table  3. 

3.1.2.  Acidic  homogeneous  catalyst 

Acidic  homogeneous  catalysts  include  sulfuric  acid,  phosphoric 
acid,  hydrochloric  acid  or  organic  sulfonic  acid  [68,69].  These 
catalysts  take  more  time  and  higher  temperature  for  complete 
conversion  as  compare  to  alkaline  homogeneous  catalysts.  The 
liquid  acid-catalyzed  transesterification  process  does  not  enjoy  the 
same  popularity  in  commercial  applications  as  its  counterpart,  the 


6308 


M.  Tariq  et  at.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-6316 


Table  3 

Merits  and  demerits  of  homogeneous  catalysts. 


Type  Merits 


Demerits 


Ref. 


Alkaline 

catalysts 


•  Low  cost 

•  Favorable  kinetics 

•  High  catalytic  activity,  very  fast  reaction  rate,  4000  times  faster  than 
catalysts 

•  Mild  reaction  condition  and  less  energy  intensive 


•  Requirement  of  low  FFA  [63] 

•  Anhydrous  conditions 

•  Saponification,  if  the  FFA  contents  are  more  than 
2  wt% 

•  Low  biodiesel  yield  due  to  emulsion  formation 

•  More  wastewater  from  purification 

•  Non-reusable 


Acidic  catalysts 


•  Insensitive  for  high  FFA  and  water  contents  in  the  oil 

•  Catalyze  esterification  and  transesterification  simultaneously 

•  No  soap  formation 

•  Preferred  for  low-grade  oil 

•  Reaction  occurs  under  mild  conditions  and  less  energy  intensive 


•  Very  slow  reaction  rate  [63] 

•  Equipment  corrosion 

•  More  waste  from  neutralization 

•  Recycling  of  catalyst  is  problematic 

•  Weak  catalytic  activity 

•  Higher  reaction  temperature 

•  Long  reaction  times 


Table  4 

Use  of  homogeneous  catalysts  for  transesterification  of  edible  oil. 


Oil 

Catalyst 

MeOH  / 
oil  ratio 

Catalyst 

cone. 

Temp. 

(°C) 

Reaction 
time  (min) 

% 

Yield 

Ref. 

Soybean 

NaOH 

6:1 

_ 

60 

80 

[48] 

CH3ONa 

10:1 

0.5 

75 

30 

94 

[73] 

NaOH 

6:1 

0.3 

45 

10-20 

100 

[74] 

Sunflower 

NaOH 

6:1 

0.5 

60 

_ 

80 

[48] 

KOH 

6:1 

- 

25 

- 

90 

[75] 

KOH 

6:1 

1.3 

25 

60 

98.4 

[76] 

Palm 

NaOH 

- 

1.5 

- 

90 

>95 

[63] 

Cottonseed 

NaOH 

- 

1.5 

- 

90 

90 

[63] 

NaOH 

6:1 

0.5 

60 

- 

80 

[53] 

NaOH 

6:1 

1 

60 

120 

90 

177] 

NaOH 

6:1 

0.75 

65 

120 

96.9 

[78] 

Rice  bran 

NaOH 

- 

1.5 

- 

90 

>90 

[79] 

base-catalyzed  process.  The  fact  is  that  the  acid-catalyzed  reaction  is 
about  4000  times  slower  than  the  base-catalyzed  reaction  [70]. 
However,  acid-catalyzed  transesterifications  hold  an  important 
advantage  with  respect  to  base-catalyzed  ones:  the  performance 
of  the  acid  catalyst  is  not  strongly  affected  by  the  presence  of  FFAs  in 
the  feedstock.  In  fact,  acid  catalysts  can  simultaneously  catalyze 
both  the  esterification  and  transesterification  process.  Thus,  a  great 
advantage  with  acid  catalysts  is  that  they  can  directly  produce 
biodiesel  from  low-cost  lipid  feedstocks,  generally  associated  with 
high  FFA  concentrations  (low-cost  feedstocks,  such  as  used  cooking 
oil  and  greases,  commonly  have  FFAs  levels  of  >  6%).  Recently,  it  has 
been  shown  how  acid-catalyzed  production  of  biodiesel  can  eco¬ 
nomically  compete  with  base-catalyzed  processes  using  virgin  oils, 
especially  when  the  former  uses  low-cost  feedstocks  [71,72],  The 
merits  and  demerits  of  alkaline  and  acidic  homogeneous  catalysts 
are  summarized  in  Table  3. 

3.1.3.  Transesterification  of  edible  oils  by  homogeneous  catalyst 

The  edible  oils  like  soybean,  sunflower,  palm,  cottonseed,  rice 
bran  etc  have  been  transesterified  by  many  researchers  which  are 
listed  in  Table  4  [48,53,63,73-79]  with  conditions  like,  MeOH/oil 
ratio,  catalyst  ratio,  temperature,  reaction  time  and  %  yield. 

It  can  be  concluded  from  the  data  in  Table  4  that  more  than 
90%  transesterification  of  edible  oils  to  biodiesel  can  be  achieved 
by  optimizing  the  various  parameters  of  the  process  i.e.  metha¬ 
nol/oil  ratio  6:1,  catalyst  concentration  0.5-1. 5  w/w  of  oil,  tem¬ 
perature  60  C  and  reaction  time  of  90  min. 


3.1.4.  Transesterification  of  non-edible  oils  by  homogeneous  catalyst 

The  non-edible  oils  like  pongamia  pinnata,  jatropha  and  neem 
have  been  transesterified  by  many  researchers  which  are  listed  in 
Table  5  [54,80-83]  with  conditions  like,  MeOH/oil,  catalyst  ratio 
(w/w%  of  oil),  temperature,  reaction  time  and  %  yield.  As  in  case  of 
transesterification  of  edible  oil,  here  too  by  optimizing  the  various 
parameters  %  yield  can  be  obtained  maximum. 

3.2.  Heterogeneous  catalysts 

Heterogeneous  catalysts  include  both  acidic  and  basic  solids 
like  MgO,  CaO,  Al-Mg  hydrotalcites,  La203,  ZnO,  Ce02,  CaC03, 
sulfated  zirconium  oxide,  sulfated  tin  oxide  etc.  The  merits  and 
demerits  of  alkaline  and  acidic  heterogeneous  catalysts  are 
summarized  in  Table  6  [66,84-88]. 

3.2.1.  Transesterification  of  oils  by  heterogeneous  catalysts 

The  edible  oils  like  soybean,  sunflower,  palm,  cottonseed, 
rapeseed  etc.,  and  non-edible  oil  like  jatropha  have  been  transes- 
terfied  by  many  researchers  using  various  heterogeneous  cata¬ 
lysts  which  are  listed  in  Table  7  [73,76,89-105]  with  conditions 
like,  MeOH/oil  ratio,  temperature,  reaction  time  and  %  yield.  These 
catalysts  take  more  time,  more  methanol/oil  ratio  and  higher 
temperature  for  complete  transesterification. 

4.  Physico-chemical  characterization  of  biodiesel 

4.1.  Physical  characterization  of  biodiesel 

The  characteristics  of  biodiesel  are  close  to  mineral  diesel  and 
therefore  biodiesel  becomes  a  strong  candidate  to  replace  the 
mineral  diesel  if  need  arises.  The  conversion  of  triglyceride  into 
methyl  or  ethyl  ester  through  the  transesterification  process 
reduces  the  molecular  weight  to  one-third  that  of  the  triglyceride, 
the  viscosity  by  a  factor  of  eight  and  increases  the  volatility 
marginally.  Biodiesel  has  viscosity  close  to  mineral  diesel. 
The  vegetable  oil  esters  contain  10-11%  oxygen  by  weight  which 
may  enhance  combustion  than  hydrocarbon  based  diesel  in  an 
engine  [106],  The  cetane  number  of  biodiesel  is  around  50. 
Biodiesel  has  lower  volumetric  heating  values  (about  10%)  than 
mineral  diesel  but  has  the  high  cetane  number  and  flash  point. 
The  esters  have  cloud  and  pour  points  that  are  15-45  °C  higher 
than  those  of  mineral  diesel. 

The  viscosity  of  a  fluid  can  be  expressed  as  dynamic  viscosity 
and  kinematics  viscosity.  Dynamic  viscosity  is  measured  in  units 
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Table  5 

Use  of  homogeneous  catalysts  for  transesterification  of  non-edible  oils. 


Oil 

Catalyst  MeOH/oil  ratio 

Catalyst  cone. 

Temp.  (°C) 

Reaction  time  (min) 

%  Yield 

Ref. 

Pongamiapinnata 

NaOH 

1.5 

50 

90 

>80 

[54] 

KOH  10:1 

1 

105 

90 

92 

[80] 

H2S04  8:1 

- 

45 

30 

89.5 

[01 1 

NaOH  9:1 

- 

45 

30 

85 

[01 1 

KOH  6:1 

1 

65 

120 

98 

[17] 

Jatropha 

NaOH  3:1 

1 

- 

120-240 

- 

[02] 

H2S04  0.28  v/v 

1.4  v/v 

60 

88 

99 

[03] 

Neem 

NaOH 

1.5 

- 

90 

>80 

[54] 

Table  6 

Merits  and  demerits  of  alkaline  and  acidic  heterogeneous  catalysts. 

Type  of  catalyst 

Merits 

Demerits 

Ref. 

Alkaline  catalysts 

•  Relatively  faster  reaction  rate  than  acid-catalyzed 

•  Requirement  of  low  FFA 

[66,84-87] 

transesterification 

•  Anhydrous  conditions 

•  Recyclable,  high  possibility  to  reuse  and  regenerate 

•  More  wastewater  from  purification 

the  catalyst 

•  Requirement  of  higher  molar  ratio  of  alcohol  to  oil 

•  Reaction  may  occur  under  mild  reaction  conditions 

•  High  reaction  temperature  and  pressure,  diffusion 

and  less  energy  intensive 

limitations 

•  Fewer  disposal  problems 

•  High  cost 

•  Higher  selectivity 

•  Poisoning  of  the  catalyst  when  exposed  to 

•  Noncorrosive  environmentally  benign 

ambient  air 

•  Longer  catalyst  lifetimes  easy  separation  of  catalyst 

•  Soap  formation  if  the  FFA  content  in  the  oil  is  more 

from  product 

than  2  wt%  leading  to  decrease  the  biodiesel  yield 

decreasing  catalyst  active  sites  may  result  to 

product  contamination 

Acidic  catalysts 

•  Insensitive  to  FFA  and  water  contents  of  oil 

•  Low  acidic  site 

[65,84,85,88] 

•  Simultaneous  catalyzed  esterification  and 

•  Low  micro  porosity 

transesterification 

•  diffusion  limitations 

•  Preferred-method  low-grade  oil  recyclable,  easy 

•  High  cost,  complicated  catalyst  synthesis 

separation  of  catalyst  from  product,  eco-friendly 

procedures  normally,  higher  reaction  temperature. 

high  alcohol  to  oil  molar  ratio  and  longer 

reaction  time 

Table  7 

Use  of  heterogeneous  catalysts  for  transesterification  of  edible  and  non-edible  oils. 

Oil 

Catalyst 

MeOH/oil  ratio 

Reaction  time  (h) 

Temp.  (°C) 

%  Yield 

Ref. 

Soybean 

CaO,  SrO 

12:1 

0.5-3.0 

65 

95 

[09] 

MgO,  ZnO, 

55:1 

7 

70,  100,  130 

82 

[90] 

ai2o3 

MgO,  Mg  A1204 

3:1 

10 

65 

57 

[91 1 

W03/Zr02 

40:1 

20 

200-300 

90 

[92] 

Zirconia-Al203  &  Sulfated  SnO, NaOH, SrO 

Tungstated  zirconia 

12:1 

0.5 

65 

90 

[09] 

Sulfated  zirconia  oxide  (SZO) 

40:1 

8 

300 

94 

[92] 

Sulfated  SnO 

40:1 

8 

300 

70 

[92] 

Vanadium  Phosphate 

40:1 

8 

300 

70 

[92] 

Mg-Al  hydrotalcite 

KN03/A1203 

40:1 

1 

150 

80 

[92] 

ki/ai2o3 

15:1 

9 

65 

67 

[93,94] 

KF/ZnO 

15:1 

8 

- 

87 

[95] 

KOH/ZnO 

15:1 

8 

- 

96 

[96] 

CaO— La203 

10:1 

9 

- 

82 

[97] 

10:1 

9 

- 

74 

[73] 

10:1 

0.5 

54 

76 

- 

Palm 

Mg-Al-C03  (hydrotalcite) 

30:1 

6 

100 

86.6 

[90] 

ZnO 

6:1 

1 

300 

86.1 

[99] 

ZrO 

6:1 

1 

- 

64.5 

[99] 

Zr02/SC>4  2 

6:1 

1 

- 

90.3 

[99] 

Rapeseed 

Mg-Al  hydrotalcite 

6:1 

4 

65 

70 

[100] 

Cottonseed 

Mg-Al-C03  hydrotalcite 

6:1 

12 

180-210 

87 

[93] 

TiOj/SO^2 

12:1 

8 

- 

90 

[76] 

Zn02/S0T 

12:1 

8 

- 

85 

[76] 

Sunflower 

Na0H/Al203 

48:6 

1 

50 

99 

[101] 

CaO 

13:1 

1.6 

60 

94 

[102] 

Activated  CaO 

13:1 

1.6 

60 

94 

[102] 

Fe-Zn  double  metalcyanide  complex 

15:1 

8 

170 

97 

[103] 

Ca(C2H302)2 

12:1 

5 

60 

95 

[104] 

Jatropha 

CaO 

9:1 

2.5 

70 

93 

[105] 
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of  centipoise.  Kinematic  viscosity  takes  into  account  the  fluid 
density  and  is  measured  in  units  of  centistokes.  Viscosity  affects 
the  operation  of  fuel  injection  equipment,  particularly  at  low 
temperature  when  increase  in  viscosity  affects  the  fluidity  of  the 
fuel.  Different  instruments  are  used  for  the  measurement  of 
viscosity  such  as  Ostwald  viscometer,  Ubbelohde  viscometer  etc. 
Biodiesel  have  viscosity  close  to  diesel  fuel.  When  the  viscosity  of 
biodiesel  is  higher,  then  fuel  injectors  do  not  operate  accurately 
and  do  not  spray  fuel  for  burning  properly.  According  to  ASTM 
standard  D6751  the  acceptable  viscosity  range  of  biodiesel  at 
40  C  is  1. 9-6.0  mm2/s  or  cSt.  The  kinematic  viscosities  of  various 
edible  and  non-edible  oil  biodiesels  reported  in  literature  are 
listed  in  Table  8  [59,60,77,78,107-117], 

Density  is  an  important  parameter  for  the  injection  of  diesel 
fuel  into  the  system.  It  is  desirable  to  maintain  the  diesel  density 
within  a  tight  tolerance  limit  to  achieve  optimum  air  to  fuel 
ratios.  Biodiesel  have  density  in  the  range  of  0.83-0.88  g/cm3 
[118].  The  density  of  various  edible  and  non-edible  oil  biodiesels 
reported  in  literature  is  listed  in  Table  8.  The  densities  for  most  of 
the  biodiesels  are  in  the  range  of  0.880-0.889  g/cm3  which  are 
within  limits  of  European  standard  (EN)  14214. 

The  acid  number  or  neutralization  number  or  acidity  of 
biodiesel  is  the  mass  of  KOH  in  milligram  that  is  required  to 
neutralize  1  g  of  a  chemical  substance.  The  acid  number  is  the 
measure  of  the  amount  of  carboxylic  acid  group  in  a  chemical 
compound  such  as  fatty  acid  or  in  a  mixture  of  compounds.  The 
acid  number  is  used  to  quantify  the  amount  of  acid  present  for 
example  in  a  sample  of  biodiesel.  Biodiesel  is  composed  of  fatty 
acid  methyl  esters.  It  may  also  contain  small  amount  of  fatty  acid, 
which  are  quantified  by  an  acid  number.  The  percentage  of  acid 
number  in  biodiesel  greater  than  3%  causes  operational  problems 
such  as  corrosion  and  pump  plugging  by  deposit  formation, 
where  as  0.5  g  of  acid  number  equalizes  1%  free  fatty  acid.  The 
transesterification  would  not  occur  if  oil  has  free  fatty  acid 
content  of  >3%  [119],  Acid  number  may  be  determined  by 


acid-base  titration  using  phenolphthalein  as  an  indicator  and 
isopropyl  alcohol  as  a  solvent.  Non-edible  oil  contains  more  free 
fatty  acids  as  compared  to  the  edible  oil.  The  literature  data 
regarding  acid  number  of  various  edible  and  non-edible  oil 
biodiesels  are  listed  in  Table  8. 

Cetane  number  is  actually  a  measure  of  a  fuel  ignition  delay; 
the  time  period  between  the  start  of  injection  and  start  of 
combustion  of  the  fuel.  In  a  particular  diesel  engine  higher  cetane 
fuel  will  have  shorter  ignition  delay  periods  than  lower  cetane 
fuels.  Cetane  number  is  based  on  two  compounds,  hexadecane 
with  cetane  of  100  and  heptamethylnonane  with  a  cetane  of  15. 
The  cetane  number  scale  shows  that  straight  chain  saturated 
hydrocarbons  have  higher  cetane  number  as  compared  to  the 
branched  chain  or  aromatic  component  of  similar  molecular 
weight  and  number  of  carbon  atoms.  The  cetane  number  varies 
from  feed  stock  to  feed  stock,  depending  greatly  on  the  chemical 
composition  of  the  fuel  and  can  affect  engine's  ability  to  start,  the 
noise  level  and  the  exhaust  emission.  The  cetane  number  of 
biodiesel  from  animal  fats  is  higher  than  that  of  vegetable  oil. 
The  values  of  cetane  number  of  soybean  oil  derived  biodiesel 
ranges  from  45  to  60  while  those  of  rapeseed  biodiesel  ranges 
from  48  to  61.2  [120].  The  ignition  delay  time  of  a  fuel  can  be 
enhanced  by  compounds  known  as  cetane  improver.  Cetane 
improvers  have  been  identified  for  fatty  acid  compounds  that 
occur  in  biodiesel.  Cetane  improver  may  have  another  important 
ramification,  namely  the  reduction  of  NOx  exhaust  emissions.  It  is 
known  for  petrodiesel  that  cetane  improvers  can  reduce  these 
exhaust  emissions.  Biodiesel  of  USA  (ASTM  D  6751),  Germany 
(DIN  V  51606)  and  European  organization  (EN  14214)  has  set  this 
value  as  47,  49,  and  51,  respectively  [121].  The  cetane  numbers  of 
various  edible  and  non-edible  oil  biodiesels  are  listed  in  Table  8. 

The  flash  point  of  a  volatile  liquid  is  the  lowest  temperature  at 
which  it  can  vaporize  to  form  an  ignitable  mixture  in  air  or  flash 
point  is  the  temperature  at  which  the  fuel  becomes  a  mixture  that 
will  ignite  when  exposed  to  a  spark  or  flame.  Flash  point  of 


Table  8 

The  physical  properties  of  biodiesels. 


Biodiesel 

source 

Density 
(40  °C,  gem-3) 

Kinematic  viscosity 
(40  °C,  mm2  s_1) 

Pour  point 
( C) 

Cloud  point 

(°C) 

Acid  number 
(mg  KOH  g1) 

Flash  point 
(°C) 

Cetane 

no. 

Ref. 

ASTM  D  6751 

- 

1. 9-6.0 

-15  to  16 

-3.0  to  12 

0.5  max. 

130  min. 

47  min. 

[41] 

EN  14214 

0.86-0.90 

3.5-5.0 

- 

- 

0.5  max. 

120  min. 

- 

[38J 

Cottonseed 

- 

5.10 

-3.0 

_ 

- 

_ 

91.7 

[77] 

- 

4.02 

- 

- 

- 

55 

[107] 

0.875 

4.07 

0.16 

54 

[78] 

Canola 

0.883 

4.34 

-8.0 

_ 

0.16 

107 

_ 

0.889 

3.53 

- 

- 

- 

- 

56 

[108] 

Palm 

0.880 

5.7 

_ 

13.0 

_ 

164 

62 

[109] 

0.87(15) 

4.4 

15 

15.2 

0.08 

182 

58.3 

[110] 

Brassica  alba 

0.899 

5.719 

-6.0 

2.0 

- 

140 

- 

[111] 

Safflower 

0.874 

4.29 

-8.0 

-2.0 

0.28 

176 

52 

[112] 

Sunflower 

0.884 

4.03 

_ 

- 

- 

0.860 

4.6 

- 

1.0 

183 

49 

[113] 

0.88 

4.9 

- 

- 

0.24 

- 

49 

[60] 

Soybean 

0.885 

3.97 

0.0 

- 

0.16 

139 

- 

0.883 

5.75 

- 

- 

0.45 

168 

56 

[114] 

0.885 

4.5  (37.8) 

-7.0 

1.0 

0.20 

178 

45 

[H5[ 

0.885 

4.08 

- 

- 

0.15 

183 

49 

[113] 

Rapeseed 

0.880 

4.15 

-9.0 

-3.0 

0.37 

165 

51 

[59] 

0.88 

- 

- 

- 

0.25 

- 

50 

- 

Pongamia  pinnata 

0.883 

4.8 

- 

- 

0.62 

- 

61 

[116] 

Jatropha 

0.879 

4.34 

3.0 

- 

0.38 

135 

58.4 

[H7[ 

0.863 

4.78 

- 

- 

0.49 

- 

61 

[116] 

M.  Tariq  et  at.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-63 16 


6311 


biodiesel  is  greater  than  petrodiesel  due  to  which  it  is  safer  in 
handling  and  storage  than  petrodiesel.  Diesel  flash  point  varies 
between  60  and  96  °C  and  biodiesel  flash  point  range  is  between 
130  and  170  C.  The  flash  points  of  vegetable  oil  methyl  esters  are 
much  lower  than  those  of  vegetable  oils.  The  flash  points  of 
various  edible  and  non-edible  oil  biodiesels  are  listed  in  Table  8. 

The  temperature  at  which  liquid  becomes  cloudy  when  it  is 
cooled  or  temperature  at  which  oil  starts  to  solidify  is  known  as 
cloud  point.  Biodiesel  have  high  cloud  point  as  compared  to  the 
high  speed  diesel.  Cloud  point  of  biodiesel  depends  upon  the 
composition  of  the  ester  and  ranges  from  -3  to  +11  °C.  When 
the  temperature  is  very  low  biodiesel  becomes  solid  which  create 
problem  in  fuel  filters  and  injector  of  engines.  Although  most  of 
the  biodiesel  properties  are  comparable  to  the  diesel  fuel  but  the 
cloud  point  and  pour  point  which  indicate  cold  flow  behavior  of  a 
fuel  is  very  poor.  In  order  to  lower  the  cloud  point  of  biodiesel, 
anti-gel  additives  such  as  ethanol,  kerosene  etc  are  being  added 
into  the  biodiesel  [122],  The  cloud  points  of  various  edible  and 
non-edible  oil  biodiesels  are  listed  in  Table  8. 

The  pour  point  of  a  liquid  is  the  lowest  temperature  at  which  it 
will  pour  or  flow  under  prescribed  condition.  It  is  the  rough 
indication  of  the  lowest  temperature  at  which  oil  is  readily 
pumpable.  The  pour  point  is  always  lower  than  the  cloud  point. 
Diesel  and  kerosene  are  common  pour  point  additives  that  reduce 
the  pour  point  gelling  temperature  significantly.  The  reported 
pour  points  of  various  edible  and  non-edible  oil  biodiesels  are 
listed  in  Table  8. 

4.2.  Chemical  characterization  of  biodiesel 

Chromatographic  and  spectroscopic  techniques  are  the  most 
common  analytical  methods  employed  for  the  characterization  of 
biodiesel. 

4.2.1.  Chromatographic  techniques 

The  chromatographic  methods  being  used  for  characterization 
of  biodiesel  include  thin  layer  chromatography,  high  performance 
liquid  chromatography,  gel  permeation  chromatography  and  gas 
chromatography  which  are  briefly  discussed  below. 

4.2.1. 1.  Thin  layer  chromatography  (TLC).  The  first  method  for 
monitoring  the  transesterification  reaction  of  vegetable  oils 
developed  was  thin  layer  chromatography  (TLC)  [48].  Besides 
fatty  esters,  this  method  allows  to  analyze  tri-  di-,  and  mono¬ 
glycerides.  Moreover,  the  analysis  time  is  quite  short;  30  samples 
could  be  analyzed  in  2-3  h.  Moreever,  this  method  shows  lower 
accuracy  and  is  sensitive  to  humidity.  Moreover,  the  analysis  is 
only  qualitative  and  does  not  allow  the  exact  determination  of  the 
extent  of  conversion  [123,124]. 

4.2.1. 2.  Gas  chromatography  (GC).  Gas  chromatography  (GC)  has 
been  the  most  used  technique  due  to  its  high  accuracy  for  the 
quantification  of  major  and  minor  components.  However,  baseline 
drift,  overlapping  signals,  and  aging  of  standards  and  samples  can 
drastically  affect  the  GC  accuracy.  Flame  ionization  detection  (FID) 
is  the  most  widespread  detector  used  in  GC,  but  the  utilization  of 
mass  spectrometer  has  increased.  The  latter  eliminates  any 
ambiguities  about  the  identification  of  the  eluting  materials,  but 
their  quantification  could  be  affected.  Freedman  et  al.  [48] 
developed  the  first  GC  methodology  to  monitor  fatty  acids,  tri-, 
di-,  and  mono-glycerides  in  the  transesterification  reaction  of 
soybean  oil.  In  this  method,  before  performing  the  analyses, 
mono-  and  di-glycerides  have  to  be  silylated  with  N,  O-bis 
(trimethylsilyl)  trifluoroacetamide  (BSTFA).  Such  procedure 
affords  the  trimethylsilyl  derivatives,  allowing  a  better  separation 


and  tailing  reduction.  The  authors  used  a  short  fused  silica  capillary 
column  (1.8  m;  100%  dimethylpolysiloxane),  and  tridecanoin  as  an 
internal  standard.  The  complete  separation  of  acylglycerols  and 
fatty  esters  was  obtained  in  a  run  time  of  12  min.  Cvengros  and 
Cvengrosova  [125-127]  described  a  GC-FID  method  with  a  packed 
column  to  evaluate  the  conversion  of  rapeseed  oil  to  fatty  ethyl  or 
methyl  esters.  The  evaluation  was  performed  through  the  peak 
areas  of  esters  during  the  reaction.  The  advantages  of  this  method 
were  the  requirement  of  already  available  compounds  and  the  use 
of  cheap  columns.  Mittelbach  [128]  and  Boocock  [129]  also  used 
GC  for  determination  of  composition  of  fatty  acid  methyl  esters, 
mono,  di  and  tri-glycerides  using  fused  silica  capillary  column  and 
DB-1  fused  silica  capillary  column  respectively. 

The  fatty  acids  composition  of  various  edible  and  non-edible 
vegetable  oil  biodiesels  is  listed  in  Table  9  [76,130-136]. 
The  soybean,  sunflower  cottonseed  and  safflower  have  greater 
unsaturated  portion  of  C18:2  (carbon  length  and  number  of 
double  bonds)  while  rapeseed  oil  has  greater  unsaturated  portion 
of  Cl 8:1.  The  palm  oil  has  almost  equal  composition  of  saturated 
portion  06:0  and  unsaturated  portion  08:1.  The  non-edible  oil 
such  as  jatropha,  neem  and  cannabis  sativa  linn  have  greater 
unsaturated  composition  of  08:1  and  08:2  while  castor  oil  has 
89.6%  recinoleic  acid. 

4.2.13.  High  performance  liquid  chromatography  (HPLC).  HPLC 
analysis  is  less  employed  in  biodiesel  characterization,  but  the 
analysis  time  is  shorter  than  GC  and  sample  derivatization  is  not 
required.  Moreover,  this  technique  can  be  applied  to  biodiesel 
from  different  feedstock  and  is  more  appropriate  for  blend 
analysis  than  GC.  Several  detectors  for  HPLC  biodiesel  analysis 
are  described,  among  them  evaporative  light  scattering  detection 
(ELSD)  is  quite  suitable  for  biodiesel  analysis. 

The  first  HPLC  method  for  monitoring  transesterification  was 
developed  by  Trathnigg  and  Mittelbach  [137].  They  described 
methodology  with  density  detection  (DD),  which  allows  the 
determination  of  the  overall  content  of  tri-,  di-,  and  mono¬ 
glycerides  in  biodiesel  samples  from  methanolysis  mixtures  as 
well  as  the  methyl  esters  detection.  The  analyses  were  performed 
through  coupling  cyano-modified  silica  with  two-gel  permeation 
chromatography  (GPC)-columns,  and  using  an  isocratic  eluent 
(chloroform/ethanol  0.6%).  According  to  the  authors,  this  method 
is  simple  and  reliable  HPLC  with  pulsed  amperometric  detection 
(the  detection  limit  is  usually  10-100  times  lower  than  for 
amperometric  detection  and  the  detection  limit  is  1  pg/g)  was 
used  to  determine  the  amount  of  free  glycerol  in  vegetable  oil 
esters.  The  HPLC-PAD  method  has  proved  to  be  simple,  rapid  and 
accurate  [138].  The  major  advantage  of  this  method  is  its  high 
sensitivity.  The  simultaneous  detection  of  residual  alcohol  is  also 
possible  with  this  technique  [139]. 

In  an  extensive  study  [140]  reverse  phase  high  performance 
liquid  chromatography  (RP-HPLC)  was  used  for  the  determination 
of  compounds  formed  during  the  production  of  biodiesel  from 
rapeseed  oil  with  various  detection  methods:  UV  detection  at 
205  nm,  evaporative  light  scattering  detection  (ELSD)  and  atmo¬ 
spheric  pressure  chemical  ionization  mass  spectrometry  (APCI- 
MS)  in  positive  ion  mode.  The  sensitivity  and  linearity  of  each 
detection  method  varied  with  the  individual  triglycerides.  ELSD 
and  APCI-MS  have  decreased  sensitivity  with  increasing  number 
of  double  bonds  in  the  fatty  acid  methyl  esters.  However,  the 
sensitivity  of  UV  detection  varies  with  individual  triglycerides. 
APCI-MS  is  stated  to  be  the  most  appropriate  detection  method 
for  the  analysis  of  biodiesel.  HPLC  method  of  quantification  of 
mono-,  di-,  tri-glycerides  and  esters  using  UV  detection  method  at 
the  region  of  205  nm  was  studied  for  methanolysis  of  rapeseed 
oils  [141  ].  An  HPLC  equipped  with  a  refractive  index  detector  was 
use  for  the  analysis  of  biodiesel  produced  from  soybean  oil  [67]. 
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Table  9 

Major  fatty  acid  composition  (%)  of  biodiesels. 


Biodiesel 

06:0 

06:1 

08:0 

08:1 

08:2 

08:3 

Ref. 

Soybean 

13.9 

0.3 

2.1 

23.2 

56.2 

4.3 

[130] 

14 

- 

4.0 

24 

52 

- 

[76] 

12 

- 

3.0 

23 

55 

6.0 

[1311 

- 

11.75 

3.15 

23.26 

55.53 

6.31 

[132] 

11.6 

0.3 

4.2 

21.6 

53.7 

7.5 

[133] 

Rapeseed 

3.5 

- 

0.9 

64.1 

22.3 

8.2 

[130] 

3.0 

- 

1.0 

64.0 

22.0 

8.0 

[131[ 

- 

3.49 

0.85 

64.4 

22.3 

8.23 

[132] 

Sunflower 

6.4 

0.1 

2.9 

17.7 

72.9 

_ 

[130] 

6.0 

- 

3.0 

17.0 

74 

- 

[131] 

5.5 

0.1 

4.7 

19.5 

68.5 

0.1 

[133] 

- 

6.08 

3.26 

16.93 

73.73 

- 

[132] 

Cottonseed 

22.96 

0.9 

2.3 

16.7 

55.4 

0.2 

[131[ 

28.7 

- 

0.9 

13.0 

57.4 

- 

[130] 

27.3 

0.8 

2.0 

18.3 

50.7 

- 

[133] 

28.33 

- 

0.89 

13.27 

57.51 

- 

[132] 

Safflower 

7.0 

_ 

2.0 

12.0 

78 

_ 

[1311 

7.3 

- 

1.9 

13.6 

77.2 

- 

[132] 

Palm 

43.7 

0.1 

4.5 

39.8 

10.5 

0.3 

[133] 

42.6 

0.3 

4.40 

40.5 

10.1 

0.2 

[131] 

Jatropha 

15.6 

- 

9.7 

40.8 

32.1 

- 

[134] 

Neem 

13.6-16.2 

- 

14.4-24.1 

49.1-61.9 

2.3-15.8 

- 

[135] 

Cannabis  sativa  linn 

- 

- 

- 

15.0 

65.0 

15.0 

[130] 

4.2.2.  Spectroscopic  techniques 

The  spectroscopic  techniques  include  nuclear  magnetic  reso¬ 
nance  (NMR)  and  infrared  spectroscopy  which  are  being  used  for 
chemical  characterization  of  oil  and  biodiesel.  These  are  briefly 
discussed  below. 

4.2.2A.  Nuclear  magnetic  resonance  (NMR).  Spectroscopic  analyses 
are  most  employed  for  monitoring  the  transesterification  reaction 
and  for  the  determination  of  blend  level.  Nuclear  magnetic 
resonance  (NMR)  spectroscopy  is  an  excellent  technique,  but  the 
instrumentation  and  maintenance  costs  are  relatively  high.  The 
method  is  quicker  and  simpler  than  GC  and  HPLC.  Gelbard  et  al. 
[142]  described  the  utilization  of  nuclear  magnetic  resonance, 
particularly  ’H  NMR,  for  monitoring  the  yield  of  transesterification 
reaction  for  the  first  time.  The  peaks  of  methylene  group  adjacent 
to  ester  moiety  in  triacylglycerols  (a-CH2,  2.3  ppm,  t)  and  the 
methoxy  group  in  the  esters  (OCH3,  3.7  ppm,  s)  were  used  to 
follow  the  reaction  progress.  The  conversion  was  calculated  from 
the  areas  of  these  peaks,  using  an  equation: 

c=ioo|^ 

3/1ch2 

where  C  is  the  percentage  conversion  of  triglycerides  to 
corresponding  methyl  esters;  /\Me  is  the  integration  value  of  the 
methoxy  protons  of  the  methyl  esters  and  ACh2  is  the  integration 
value  of  a-methylene  protons. 

This  method  is  faster  and  simpler  than  chromatographic  ones. 
However,  instrumentation  and  maintenance  costs  are  relatively 
high  and  must  be  evaluated.  Moreover,  a  small  amount  of  sample 
is  required  and  it  could  be  analyzed  without  a  pre-purification 
process.  The  ’H  NMR  method  to  monitor  the  transesterification 
reaction  of  soybean  oil  was  also  developed  and  used  to  establish 
the  average  degree  of  fatty  acid  unsaturation  and  methyl  esters  in 
biodiesel  [143].  ’H  NMR  methodology  to  monitor  the  ethanolysis 
as  well  as  to  quantify  the  content  of  fatty  ethyl  esters  in  mixtures 


of  biodiesel  and  oil  was  also  developed  [144].  The  region  of  4.05- 
4.40  ppm  (ester  ethoxy  and  glycerol  methylene  hydrogens)  was 
chosen  for  the  quantification  of  the  reaction. 

The  use  of  13C  NMR  for  monitoring  the  transesterification  has 
also  being  used  [145].  The  signal  at  14.5  ppm  of  the  terminal 
methyl  groups,  which  are  not  affected  by  reaction,  was  chosen  as 
internal  standard,  and  the  glyceridic  carbons  at  62-71  ppm  along 
with  methoxy  carbon  of  fatty  esters  at  51  ppm  were  selected  to 
determine  the  conversion  rate. 

4.2.2.2.  Infrared  spectroscopy  (IR).  Infrared  spectroscopy  is  another 
technique  for  monitoring  the  transesterification  of  oils/fats.  The  first 
reported  work  was  by  Knothe  [146,147]  who  developed  a  fiber-optic 
near  infrared  (N1R)  method  to  monitor  the  transesterification 
reaction  of  soybean  oil,  which  was  based  on  the  differences  in  the 
NIR  region  at  6005  and  4425-4430  cm~\  where  fatty  esters  display 
peaks  and  triglycerides  exhibit  shoulders,  respectively.  Thus,  these 
peaks  were  chosen  for  monitoring  the  reaction.  In  fact,  the  former 
peak  was  used  for  quantification  since  it  is  more  suitable.  Besides  the 
transesterification  monitoring,  the  biodiesel  quality  can  also  be 
assessed  through  this  methodology  by  the  correlation  with  other 
analytical  data.  This  kind  of  procedure  is  a  way  to  cross-check  the 
results.  In  addition,  the  NIR  method  can  also  be  used  for  the 
quantification  of  methanol  in  biodiesel,  which  can  be  an  alternative 
to  flash  point  evolution  of  biodiesel.  The  NIR  method  could  be  used 
to  monitor  the  reaction  of  several  oils  as  well  as  to  ensure  the  quality 
control  of  biodiesel  when  employed  with  other  analytical  techniques. 
The  use  of  FT-IR  method  with  a  multivariate  approach  (PLS,  partial 
least  squares  regression)  has  been  used  to  monitor  the  ethanolysis  of 
degummed  soybean  oil  by  using  the  ester  peak  at  1700-1800  cm-1 
[148].  Such  a  method  was  considered  to  be  fast  and  accurate  to 
predict  reaction  yields.  Later,  Siatis  et  al.  [149]  developed  FT-IR 
method  to  monitor  the  ultrasonically  assisted  extraction 
transesterification  of  seed  and  seed  cakes  from  cotton,  sunflower, 
sesame,  and  cynara  cardulus  seeds.  The  method  affords  the 
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simultaneous  determination  of  fatty  acid  methyl  ester  and 
triglycerides.  PLS  algorithm  and  1300-1060  cm spectral  region 
were  used  to  determine  the  percentage  of  fatty  ester  in  the  mixture 
of  reaction.  The  most  characteristic  peak  at  1200  cm~'  is  that  related 
to  0-CH3  vibrations  in  the  methyl  fatty  esters.  Subsequently,  Ghesti 
et  al.  [150]  described  a  FT-Raman  spectroscopic  method  to  monitor 
and  quantify  the  transesterification  of  soybean  oil.  The  differences 
between  the  Raman  spectrum  of  vegetable  oil  and  the  fatty  ethyl 
esters  were  observed  in  bands  at  2932  cm-1  (vCH2),  861  cm-1 
(vRCO  and  vC-C),  372  cm-1  (<5CO-0-C),  as  well  as  by  the 
displacement  of  the  C=0  band  from  1748  to  1739  cm-1.  To  build 
analytical  curves  and  to  check  the  method,  uni-  and  multi-variate 
analysis  methods  were  also  employed.  Using  an  internal 
normalization  standard  vCH  band,  the  best  results  were  achieved 
by  Raman/PLS  calibration  models.  The  method  was  correlated  with  a 
new  NMR  technique  developed  for  monitoring  the  ethanolysis  of 
soybean  oil  that  could  be  extended  to  the  transesterification  of  other 
vegetable  oils  [151],  Recently  FT-IR  method  has  been  described  to 
assess  the  extent  of  transesterification  reaction  of  oils  in  which 
methyl  peak  areas/intensities  and  positions  could  be  employed  to 
monitor  the  reaction  [152].  Finally,  mid-IR  with  a  multivariate 
approach  was  used  to  monitor  on  line  the  transesterification  of 
soybean  oil  with  ethanol  by  using  a  cylindrical  reflectance  cell  of 
PbSe  and  the  range  of  3707-814  cm  1  were  employed  [153],  The 
monitoring  was  carried  out  for  12  min.  The  proposed  method  could 
be  used  in  the  process  control  and  for  reaction  optimization  since  it 
is  fast  and  shows  low-cost.  Dube  et  al.  [154]  suggested  two  distinct 
methods  for  monitoring  the  biodiesel  production  from  waste  canola 
flying  oil:  GPC  with  refractive  index  detector  (RID),  and  attenuated 
total  reflectance  (ATR)-FT-IR  spectroscopy.  The  decreasing  of  the 
peak  at  1378  cm-1  (terminal  methyl  and  OCH2  in  acylglycerols)  in 
the  ATR-FT-IR  spectrum  was  used  for  monitoring  the  biodiesel 
synthesis.  The  results  of  the  analyses  of  100  biodiesel  samples  by 
both  methods  showed  veiy  small  differences.  Thus,  the  authors 
considered  that  the  methodologies  could  be  equivalent.  However, 
the  GPC-R1D  methodology  allows  only  the  quantification  of 
monoglycerides  and  fatty  methyl  esters,  while  the  ATR-FT-IR  just 
consents  the  quantification  of  total  glycerides.  Arzamendi  et  al.  [155] 
reported  a  method  based  on  size  exclusion  chromatography  to 
determine  simultaneously  the  total  amount  of  tri-,  di-,  mono¬ 
glycerides,  fatty  acid  methyl  esters,  free  glycerol  and  methanol  in 
samples  from  the  transesterification  reaction  of  sunflower  oil.  The 
method  is  simple,  robust,  relatively  fast,  it  may  be  conducted  at  room 
temperature  and  it  gives  accurate  and  reproducible  results. 


5.  Conclusion 

Biodiesel  have  been  synthesized  from  various  edible  and  non¬ 
edible  oil  sources  by  transesterification  process.  The  production  of 
biodiesel  (1st  generation  biofuel)  mainly  from  edible  oils  have 
been  criticized  due  to  possible  future  shortage  of  food,  therefore, 
the  recent  research  is  being  focused  on  production  of  biodiesel 
from  non-edible  oils  (2nd  generation  biodiesel)  such  as  jatropha, 
jojoba,  pongamia  pinnata,  neem  etc.  It  will  be  a  better  option  to 
produce  biodiesel  from  non-edible  oils  to  minimize  the  risk  of 
food  shortage. 

The  membrane  extraction  process  for  the  separation  and 
purification  of  biodiesel  is  better  than  the  conventional  processes 
because  it  yields  high  purity  biodiesel  but  at  the  higher  cost. 

The  transesterification  process  is  affected  by  various  para¬ 
meters  such  as  methanol/oil  ratio,  effect  of  temperature,  effect  of 
catalyst  concentration  and  time  required  for  complete  transester¬ 
ification.  The  alcohol  to  oil  ratio  is  a  very  important  parameter 
because  it  effect  the  %  age  conversion  of  triglycerides  to  fatty  acid 
methyl  esters  (FAMEs).  It  is  found  that  as  alcohol  (methanol) 


concentration  increases,  the  %  age  conversion  also  increases  up  to 
a  specific  limit  and  beyond  which  it  decreases  due  to  emulsifica¬ 
tion.  In  case  of  edible  oils,  the  molar  ratio  of  6:1  (methanokoil) 
has  been  optimized  and  reported  by  many  authors  while  in  case 
of  non-edible  oils,  more  alcohol  concentration  is  required  to  get 
better  yield.  The  type  and  concentration  of  catalyst  is  a  key 
parameter  which  affects  the  %  age  conversion  of  triglycerides 
into  fatty  acid  methyl  esters.  Among  the  base,  acid  and  enzyme 
catalysts,  base  catalyst  have  been  found  to  be  the  best  especially 
in  edible  oils  with  low  FFA  contents  and  has  been  reported 
frequently.  The  %  age  conversion  of  oil  to  biodiesel  is  directly 
proportional  to  the  concentration  of  catalyst  and  temperature  up 
to  a  specific  limit,  beyond  which  it  decreases  due  to  saponification 
especially  in  case  of  base  catalysis.  The  optimized  transesterifica¬ 
tion  temperature  of  60  °C  gave  the  best  conversion  results.  It  is 
important  to  note  that  all  the  mentioned  parameters  are  depen¬ 
dent  on  the  nature  of  oils  (edible  or  non-edible  oils)  and  should  be 
optimized  accordingly. 

The  nature  of  catalyst  used  in  transesterification  depends  on 
nature  of  oils.  The  homogeneous  base  catalysts  are  best  suited  for 
oils  with  low  FFA  contents  due  to  their  rapid  transesterification  and 
low  cost.  The  homogeneous  acid  catalysts  are  best  suited  for  waste 
cooking  oils  and  non-edible  oils  which  contain  high  FFA  contents.  The 
transesterification  by  heterogeneous  catalysts  is  more  time  consum¬ 
ing  and  requires  higher  alcohol  to  oil  ratio.  But  these  catalysts  are 
reusable  by  reactivation,  are  non-corrosive  and  eco-friendly. 

The  synthesized  biodiesel  can  be  characterized  by  various 
physico-chemical  parameters  such  as  kinematic  viscosity,  density, 
cloud  point,  pour  point,  flash  point,  cetane  number  and  acid 
number,  which  are  in  accordance  with  the  ASTM  D  6751/  EN 
14214  standards  except  that  of  flash  point  which  is  higher  than 
the  fossil  diesel.  This  results  in  a  relatively  inability  of  the 
biodiesel  to  combust  desirably  in  the  compression  ignition  engine 
in  comparison  to  fossil  fuel  and  could  be  overcome  by  appropriate 
blending  with  fossil  diesel. 

The  chemical  characterization  is  performed  by  chromato¬ 
graphic  and  spectroscopic  techniques  which  provide  quick  ana¬ 
lysis  of  fatty  acid  composition  and  quality  of  biodiesel.  ]H  NMR 
was  proved  to  be  a  good  technique  to  calculate  %  age  conversion 
of  triglycerides  to  fatty  acid  methyl  esters.  The  gas  chromatogra¬ 
phy  has  been  found  to  be  the  preferred  technique  to  find  out 
composition  of  fatty  acid  methyl  esters  and  check  the  intermedi¬ 
ates  by  identifying  mono-,  di-  and  tri-glycerides  in  the  samples  of 
fatty  acid  methyl  esters. 


Acknowledgment 

M.  Tariq  (Pin  no.  074-061 6-Ps4-099)  is  thankful  to  higher 
education  commission  of  Pakistan,  for  financial  support. 


References 

[1]  Demirbas  A.  Political,  economic  and  environmental  impacts  of  biofuels:  a 
review.  Applied  Energy  2009;86:108-17. 

[2]  Lang  X,  Dalai  AK,  Bakhshi  NN,  Reaney  MJ,  Hertz  PB.  Preparation  and 
characterization  of  bio-diesels  from  various  bio-oils.  Bioresource  Technol¬ 
ogy  2001;80:53-62. 

[3]  Celikten  I,  Koca  A,  Arslan  MA.  Comparison  of  performance  and  emissions  of 
diesel  fuel,  rapeseed  and  soybean  oil  methyl  esters  injected  at  different 
pressures.  Renewable  Energy  2010;35:814-20. 

[4]  Alcantara  R,  Amores  J,  Canoira  L,  Fidalgo  E,  Franco  MJ.  Catalytic  production 
of  biodeisel  soy-bean  oil,  used  frying  oil  and  tallow.  Biomass  and  Bioenergy 
2000;18:515-27. 

[5]  Haas  MJ.  Improving  the  economics  of  biodiesel  production  through  the  use 
of  low  value  lipids  as  feedstocks:  vegetable  oil  soapstock.  Fuel  Processing 
Technology  2005;86:1087-96. 


6314 


M.  Tariq  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-6316 


[6]  Sumathi  S,  Chai  SP,  Mohamed  AR.  Utilization  of  palm  oil  as  a  source  of 
renewable  energy  in  Malaysia.  Renewable  and  Sustainable  Energy  Reviews 
2008;12:2404-21. 

[7]  Ooi  YS,  Zakaria  R,  Mohamed  AR,  Bhatia  S.  Catalytic  conversion  of  palm  oil- 
based  fatty  acid  mixture  to  liquid  fuel.  Biomass  and  Bioenergy  2004;27: 
477-84. 

[8]  Kalam  MA,  Masjuki  HH.  Biodiesel  from  palm  oil — an  analysis  of  its  proper¬ 
ties  and  potential.  Biomass  and  Bioenergy  2002;23:471-9. 

[9]  Canakci  M,  Azsezen  AN,  Arcaklioglu  E,  Erdil  A.  Prediction  of  performance 
and  exhaust  emissions  of  a  diesel  engine  fueled  with  biodiesel  produced 
from  waste  frying  palm  oil.  Expert  Systems  with  Applications  2009; 
36:9268-80. 

[10]  Tariq  M,  Ali  S,  Ahmad  F,  Ahmad  M,  Zafar  M,  Khalid  N,  et  al.  Identification, 
FT-IR,  NMR  (1H  and  13C)  and  GC-MS  studies  of  fatty  acid  methyl  esters  in 
biodiesel  from  rocket  seed  oil.  Fuel  Processing  Technology  201 1  ;92:336-41 . 

[11]  Siler-Marinkovic  S,  Tomasevic  A.  Transesterification  of  sunflower  oil  in  situ. 
Fuel  1998;77:1389-92. 

[12]  Rattanaphra  D,  Srinophakun  P.  Biodiesel  production  from  crude  sunflower 
oil  and  crude  jatropha  oil  using  immobilized  lipase.  Journal  of  Chemical 
Engineering  of  Japan  2010;43:104-8. 

[13]  Foidl  N,  Foidl  G,  Sanchez  M,  Mittelbach  M,  Hackel  S .Jatropha  curcas  L.  as  a 
source  for  the  production  of  biofuel  in  Nicaragua.  Bioresource  Technology 
1996;58:77-82. 

[14]  Pramanik  K.  Properties  and  use  of  Jatropha  curcas  oil  and  diesel  fuel  blends 
in  compression  ignition  engine.  Renewable  Energy  2003;28:239-48. 

[15]  Canoira  L,  Alcantara  R,  Garcia-Martinez  J,  Carrasco  J.  Biodiesel  from  Jojoba 
oil-wax:  transesterification  with  methanol  and  properties  as  a  fuel.  Biomass 
and  Bioenergy  2006;30:76-8. 

[16]  Meher  LC,  Kulkarni  MG,  Dalai  AK,  Naik  SN.  Transesterification  of  karanja 
( Pongamia  pinnata )  oil  by  solid  basic  catalysts.  European  Journal  of  Lipid 
Science  and  Technology  2006;108:3898-978. 

[17]  Meher  LC,  Dharmagadda  VSS,  Naik  SN.  Optimization  of  alkali-catalyzed 
transesterification  of  Pongamia  pinnata  oil  for  production  of  biodiesel. 
Bioresource  Technology  2006;97:1392-7. 

[18]  Sardar  N,  Ahmad  M,  Khan  MA,  Ali  S,  Zafar  M,  Khalid  N,  et  al.  Prospects  and 
potential  of  non  edible  neem  oil  biodiesel  based  on  physico-chemical 
characterization.  Energy  Sources  Part  A:  Recovery,  Utilization,  and  Environ¬ 
mental  Effects  2011;33:1422-30. 

[19]  Brennan  L,  Owende  P.  Biofuels  from  microalgae — a  review  of  technologies 
for  production,  processing,  and  extractions  of  biofuels  and  co-products. 
Renewable  and  Sustainable  Energy  Reviews  2010;14:557-77. 

[20]  Ahmad  AL,  Mat  Yasin  NH,  Derek  CJC,  Lim  JK.  Microalgae  as  a  sustainable 
energy  source  for  biodiesel  production:  a  review.  Renewable  and  Sustain¬ 
able  Energy  Reviews  2011;15:584-93. 

[21]  Agarwal  AK.  Biofuels  (alcohols  and  biodeisel  applications  as  fuels  for 
internal  combustion  engines.  Progress  in  Energy  and  Combustion  Science 
2007;33:233-71. 

[22]  Meher  LC,  Sagar  DV,  Naik  SN.  Technical  aspects  of  biodiesel  production  by 
transesterification — a  review.  Renewable  and  Sustainable  Energy  Reviews 
2006;10:248-68. 

[23]  Encinar  JM,  Gonzalez  JF,  Rodriguez-Reinares  A.  Ethanolysis  of  used  frying 
oil,  biodiesel  preparation  and  characterization.  Fuel  Processing  Technology 
2007;88:513-22. 

[24]  Gerpen  JV,  Shanks  B,  Pruszko  R,  Clements  D,  Knothe  G.  Biodiesel  production 
technology:  August  2002-January  2004.  Other  information:  PBD:  1  July 
2004;  related  information:  work  performed  by  Iowa  State  University, 
Renewable  Products  Development  Laboratory,  and  USDA/NCAUR;  2004. 

p.  110. 

[25]  Schumacher  J.  Small  scale  biodiesel  production:  an  overview.  Agricultural 
Marketing  Policy;  2007. 

[26]  Gerpen  JV.  Biodiesel  processing  and  production.  Fuel  Processing  Technology 
2005;86:1097-107. 

[27]  Cooke  BS,  Abrams  C,  Bertram  B.  Purification  of  biodiesel  with  adsorbent 
materials.  US  Patent  no.  0509959P;  2003. 

[28]  Gabelman  A,  Hwang  S.  Hollow  fiber  membrane  contactors.  Journal  of 
Membrane  Science  1999;159:61-106. 

[29]  He  H,  Guo  X,  Zhu  S.  Comparison  of  membrane  extraction  with  traditional 
extraction  methods  for  biodiesel  production.  Journal  of  American  Oil 
Chemists’  Society  2006;83:457-60. 

[30]  Lopez  JM,  Gomez  A,  Aparicio  F,  Javier  SF.  Comparison  of  GHG  emissions 
from  diesel,  biodiesel  and  natural  gas  refuse  trucks  of  the  City  of  Madrid. 
Applied  Energy  2009;86:610-5. 

[31]  Chen  YC,  He  SL,  Cheng  J.  Study  on  extraction  and  deacidification  of  oils  and 
fats  of  natural  plants  by  supercritical  carbon  dioxide.  Journal  of  Yangtze 
University  2007;4:45-7. 

[32]  Demirbas  A,  Kara  H.  New  options  for  conversion  of  vegetable  oils  to 
alternative  fuels.  Energy  Sources  Part  A:  Recovery,  Utilization,  and  Environ¬ 
mental  Effects  2006;28:619-26. 

[33]  Predojevic  ZJ.  The  production  of  biodiesel  from  waste  frying  oils:  a 
comparison  of  different  purification  steps.  Fuel  2008;87:3522-8. 

[34]  Karaosmanoglu  F,  Cigizoglu  KB,  Tuter  M,  Ertekin  S.  Investigation  of  the 
refining  step  of  biodiesel  production.  Energy  and  Fuels  1996;10:890-5. 

[35]  Canakci  M,  Gerpen  JV.  Biodiesel  production  from  oils  and  fats  with  high  free 
fatty  acids.  Transactions  of  the  American  Society  of  Agricultural  Engineers 
2001;44:1429-36. 


[36]  Dube  MA,  Tremblay  AY,  Liu  J.  Biodiesel  production  using  a  membrane 
reactor.  Bioresource  Technology  2007;98:639-47. 

[37]  Berrios  M,  Skelton  RL.  Comparison  of  purification  methods  for  biodiesel. 
Chemical  Engineering  2008;144:459-65. 

[38]  The  EN  14214  standard — specifications  and  test  methods;  2003. 

[39]  Erinco  D.  Membrane  reactors.  Chemical  Engineering  and  Processing  2004; 
43:1101-2. 

[40]  Lu  GQ,  Diniz  da  Costa  JC,  Dukec  M,  Giessler  S,  Socolowe  R,  Williams  RH, 
et  al.  Inorganic  membranes  for  hydrogen  production  and  purification:  a 
critical  review  and  perspective.  Journal  of  Colloid  and  Interface  Science 
2007;314:589-603. 

[41]  ASTM  D6751  biodiesel  blend  stock  specification  (100). 

[42]  Ma  F,  Clements  LD,  Hanna  MA.  The  effects  of  catalyst  free  fatty  acids  and 
water  on  transesterification  of  beef  tallow.  Transactions  of  the  American 
Society  of  Agricultural  Engineers  1998;41:1261-4. 

[43]  Bradshaw  GB,  Meuly  WC.  Preparation  of  detergents.  US  Patent  2;  1944.  p. 
360-844. 

[44]  Feuge  RO,  Grose  T.  Modification  of  vegetable  oils.  VII.  Alkali  catalyzed 
transesterification  of  peanut  oil  with  ethanol.  Journal  of  American  Oil 
Chemists’  Society  1990;26:97-102. 

[45]  Turck  R.  Method  for  producing  fatty  acid  esters  of  monovalent  alkyl 
alcohols  and  use  thereof.  USP  0156305;  2002. 

[46]  Nye  MJ,  Southwell  PH.  Esters  from  rapeseed  oil  as  diesel  fuel.  In:  Proceed¬ 
ings  of  the  vegetable  oil  as  diesel  fuel  seminar  III.  Peoria:  Northern 
Agricultural  Energy  Center;  1983.  p.  78-83. 

[47]  Sprules  FJ,  Price  D.  Production  of  fatty  esters.  US  Patent  2;  1950.  p.  366-494. 

[48]  Freedman  B,  Pryde  EH,  Mounts  TL.  Variables  affecting  the  yields  of  fatty 
esters  from  transesterified  vegetable  oils.  Journal  of  American  Oil  Chemists’ 
Society  1984;61:1638-43. 

[49]  Tanaka  Y,  Okabe  A,  Ando  S.  Method  for  the  preparation  of  a  lower  alkyl  ester 
of  fatty  acids.  US  Patent  4;  1981.  p.  303-590. 

[50]  Hartman  L.  Methanolysis  of  triglycerides.  Journal  of  American  Oil  Chemists’ 
Society  1956;33:129-32. 

[51]  Jackson  MA,  King  JW.  Methanolysis  of  seed  oil  in  flowing  supercritical 
carbon  dioxide.  Journal  of  American  Oil  Chemists’  Society  1996;73:353-6. 

[52]  Guo  Y.  Alkaline-catalyzed  production  of  biodiesel  fuel  from  virgin  canola  oil 
and  recycled  waste  oils.  PhD  dissertation.  Hong  Kong:  Department  of 
Mechanical  Engineering,  the  University  of  Hong  Kong;  2005.  p.  184. 

[53]  Leung  DYC,  Guo  Y.  Transesterification  of  neat  and  used  frying  oil:  optimiza¬ 
tion  for  biodiesel  production.  Fuel  Processing  Technology  2006;87:883-90. 

[54]  Eevera  T,  Rajendran  K,  Saradha  S.  Biodiesel  production  process  optimization 
and  characterization  to  assess  the  suitability  of  the  product  for  varied 
environmental  conditions.  Renewable  Energy  2009;34:762-5. 

[55]  Freedman  B,  Butterfield  RO,  Pryde  EH.  Transesterification  kinetics  of 
soybean  oil.  Journal  of  American  Oil  Chemists’  Society  1986;63:1375-80. 

[56]  Mohamad  IAW,  Ali  OA.  Evaluation  of  the  transesterification  of  waste  palm 
oil  into  biodiesel.  Bioresource  Technology  2002;85:225-56. 

[57]  Fuduka  H,  Kondo  A,  Noda  H.  Biodiesel  fuel  production  by  transesterification 
of  oils.  Journal  of  Bioscience  and  Bioengineering  2001;92:405-16. 

[58]  Smith  MK.  Process  of  producing  esters.  US  Patent  2;  1949.  p.  444-86. 

[59]  Rashid  U,  Anwar  F.  Production  of  biodiesel  through  optimized  alkaline- 
catalyzed  transesterification  of  rapeseed  oil.  Fuel  2008;87:265-73. 

[60]  Rashid  U,  Anwar  F,  Moser  BR,  Ashraf  S.  Production  of  sunflower  oil  methyl 
esters  by  optimized  alkali-catalyzed  methanolysis.  Biomass  and  Bioenergy 
2008;32:1202-5. 

[61]  Demirbas  A.  Current  technologies  in  biodiesel  production.  In:  biodiesel; 
2008.  p.  161-73. 

[62]  Azcan  N,  Danisman  A.  Alkali  catalyzed  transesterification  of  cottonseed  oil 
by  microwave  irradiation.  Fuel  2007;86:2639-44. 

[63]  Dias  JM,  Alvim-Ferraz  MCM,  Almeida  MF.  Comparison  of  the  performance  of 
different  homogeneous  alkali  catalysts  during  transesterification  of  waste 
and  virgin  oils  and  evaluation  of  biodiesel  quality.  Fuel  2008;87:3572-8. 

[64]  Dizge  N,  Aydiner  C,  Imer  DY,  Bayramoglu  M,  Tanriseven  A,  Keskinler  B. 
Biodiesel  production  from  sunflower,  soybean,  and  waste  cooking  oils  by 
transesterification  using  lipase  immobilized  onto  a  novel  microporous 
polymer.  Bioresource  Technology  2009;100:1983-91. 

[65]  Dizge  N,  Keskinler  B.  Enzymatic  production  of  biodiesel  from  canola  oil 
using  immobilized  lipase.  Biomass  and  Bioenergy  2008;32:1274-8. 

[66]  Shimada  Y,  Watanabe  Y,  Sugihara  A,  Tominaga  Y.  Enzymatic  alcoholysis  for 
biodiesel  fuel  production  and  application  of  the  reaction  to  oil  processing. 
Journal  of  Molecular  Catalysis  B  2002;17:133-42. 

[67]  Noureddini  H,  Zhu  D.  Kinetics  of  transesterification  of  soybean  oil.  Journal 
of  American  Oil  Chemists’  Society  1997;74:1457-63. 

[68]  Freedman  B,  Pryde  EH,  Mounts  TL.  Variables  affecting  the  yields  of  fatty 
esters  from  transesterified  vegetable  oils.  Journal  of  the  American  Oil 
Chemists’  Society  1984;61:1638-43. 

[69]  Al-Widyan  MI,  Al-shyoukh  AO.  Experimental  evaluation  of  the  transester¬ 
ification  of  waste  palm  oil  into  biodiesel.  Bioresource  Technology  2002; 
85:253-6. 

[70]  Srivastava  A,  Prasad  R.  Triglycerides-based  diesel  fuels.  Renewable  and 
Sustainable  Energy  Reviews  2000;4:111-33. 

[71]  Zhang  Y,  Dube  MA,  McLean  DD,  Kates  M.  Biodiesel  production  from  waste 
cooking  oil;  1.  Process  design  and  technological  assessment.  Bioresource 
Technology  2000;89:1-16. 


M.  Tariq  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-6316 


6315 


[72]  Zhang  Y,  Dube  MA,  McLean  DD,  Kates  M.  Biodiesel  production  from  waste 
cooking  oil;  2.  Economic  assessment  and  sensity  analysis.  Bioresource 
Technology  2003;90:229-40. 

[73]  Kim  M,  Yan  S,  Salley  SO,  Ng  KYS.  Competitive  transesterification  of  soybean 
oil  with  mixed  methanol/ethanol  over  heterogeneous  catalysts.  Bioresource 
Technology  2010;101:4409-14. 

[74]  Ji  J,  Wang  J,  Li  Y,  Yu  Y,  Xu  Z.  Preparation  of  biodiesel  with  the  help  of 
ultrasonic  and  hydrodynamic  cavitation.  Ultrasonics  2006;44:411-4. 

[75]  Tomasevic  AV,  Marinkovic  SS.  Methanolysis  of  used  frying  oils.  Fuel 
Processing  Technology  2003;81:1-6. 

[76]  Vicente  G,  Martinez  M,  Aracil  J.  Optimization  of  integrated  biodiesel 
production  part  1.  A  study  of  biodiesel  purity  and  yield.  Bioresource 
Technology  2007;98:1724-33. 

[77]  Ahmad  M,  Zafar  M,  Khan  MA,  Hassan  A,  Sultana  S.  Methanolysis  of 
cottonseed  oil  for  biodiesel:  as  renewable  source  of  energy.  Asian  Journal 
of  Chemistry  2008;6:4565-70. 

[78]  Rashid  U,  Anwar  F,  Knothe  G.  Evaluation  of  biodiesel  obtained  from 
cottonseed  oil.  Fuel  Processing  Technology  2009;9:1157-63. 

[79]  Zullaikah  S,  Lai  CC,  Vali  SR,  Ju  YH.  A  two-step  acid-catalyzed  process  for  the 
production  of  biodiesel  from  rice  bran  oil.  Bioresource  Technology  2005; 
96:1889-96. 

[80]  Karmee  SK,  Chadha  A.  Preparation  of  biodiesel  from  crude  oil  of  Pongamia 
pinnata.  Bioresource  Technology  2005;96:1425-9. 

[81]  Sharma  YC,  Singh  B.  Development  of  biodiesel  from  karanja,  a  tree  found  in 
rural  India.  Fuel  2008;87:1740-2. 

[82]  Sarin  R,  Sharma  M,  Sinharay  S,  Malhotra  RK.  Jatropha-palm  biodiesel 
blends:  an  optimum  mix  for  Asia.  Fuel  2007;86:1365-71. 

[83]  Liu  X,  He  H,  Wang  Y,  Zhu  S.  Transesterification  of  soybean  oil  to  biodiesel 
using  CaO  as  a  solid  base  catalyst.  Fuel  2008;87:216-21. 

[84]  de  Silva  RB,  Lima  AFN,  Soares  DL,  Santos  S,  de  Oliveira  JRL,  Chaves  MH,  et  al. 
Catalysts  of  Cu  (II)  and  Co  (II)  ions  adsorbed  in  chitosan  used  in  transester¬ 
ification  of  soybean  and  babassu  oils — a  new  route  for  biodiesel  syntheses. 
Bioresource  Technology  2008;99:6793-8. 

[85]  Serio  DM,  Cozzolino  M,  Tesser  R,  Patrono  P,  Pinzari  F,  Bonelli  B.  Vanadyl 
phosphate  catalysts  in  biodiesel  production.  Applied  Catalysis  A:  General 
2007;320:1-7. 

[86]  Kawashima  A,  Matsubara  K,  Honda  K.  Acceleration  of  catalytic  activity  of 
calcium  oxide  for  biodiesel  production.  Bioresource  Technology  2009;  100: 
696-700. 

[87]  Kulkarni  MG,  Gopinath  R,  Meher  LC,  Dalai  AK.  Solid  acid  catalyzed  biodiesel 
production  by  simultaneous  esterification  and  transesterification.  Green 
Chemistry  2006;8:1056-62. 

[88]  Lou  W,  Zong  M,  Duan  Z.  Efficient  production  of  biodiesel  from  high  free 
fatty  acid-containing  waste  oils  using  various  carbohydrate-derived  solid 
acid  catalysts.  Bioresource  Technology  2008;99:8752-8. 

[89]  Liu  X,  He  H,  Wang  Y,  Zhu  S.  Transesterification  of  soybean  oil  to  biodiesel 
using  SrO  as  a  solid  base  catalyst.  Catalysis  Communications  2007;8: 
1107-11. 

[90]  Antunes  WM,  Veloso  CO,  Henriques  CA.  Transesterification  of  soybean  oil 
with  methanol  catalyzed  by  basic  solids.  Catalysis  Today  2008;133:548-54. 

[91]  Wang  Y,  Zhang  F,  Yu  S,  Yang  L,  Li  D,  Evans  DG,  et  al.  Preparation  of 
macrospherical  magnesia-rich  magnesium  aluminate  spinel  catalysts  for 
methnolysis  of  soybean  oil.  Chemical  Engineering  Science  2008;63: 
4306-12. 

[92]  Furuta  S,  Matsuhashi  H,  Arata  K.  Biodiesel  fuel  production  with  solid 
superacid  catalysis  in  fixed  bed  reactor  under  atmospheric  pressure. 
Catalysis  Communications  2004;5:721-3. 

[93]  Serio  MD,  Riccardo  T,  Lu  P,  Eli  S.  Heterogeneous  catalysts  for  biodiesel 
production.  Energy  &  Fuels  2008;22:207-17. 

[94]  Xie  W,  Peng  H,  Chen  L.  Calcined  Mg-AI  hydrotalcites  as  solid  base  catalysts 
for  methanolysis  of  soybean  oil.  Journal  of  Molecular  Catalysis  A:  Chemical 
2006;246:24-32. 

[95]  Xie  W,  Peng  H,  Chen  L.  Transesterification  of  soybean  oil  catalyzed  by 
potassium  loaded  on  alumina  as  a  solid-base  catalyst.  Applied  Catalysis  A: 
General  2006;300:67-74. 

[96]  Xie  W,  Li  H.  Alumina-supported  potassium  iodide  as  a  heterogeneous 
catalyst  for  biodiesel  production  from  soybean  oil.  Journal  of  Molecular 
Catalysis  A:  Chemical  2006;255:1-9. 

[97]  Xie  W,  Huang  X.  Synthesis  of  biodiesel  from  soybean  oil  using  hetero¬ 
geneous  KF/ZnO  catalyst.  Catalysis  Letters  2006;107:53-9. 

[98]  Trakarnpruk  W,  Porntangjitlikit  S.  Palm  oil  biodiesel  synthesized  with 
potassium  loaded  calcined  hydrotalcite  and  effect  of  biodiesel  blend  on 
elastomer  properties.  Renewable  Energy  2008;33:1558-63. 

[99]  Jitputti  J,  Kitiyanan  B,  Rangsunvigit  P,  Bunyakiat  K,  Attanatho  Jenvanitpan- 
jakul  P.  Transesterification  of  crude  palm  kernel  oil  and  crude  coconut  oil  by 
different  solid  catalysts.  Chemical  Engineering  2006;116:61-6. 

[100]  Zeng  HY,  Feng  Z,  Deng  X,  Li  YQ.  Activation  of  Mg-AI  hydrotalcite  catalysts 
for  transesterification  of  rape  oil.  Fuel  2008;87:3071-6. 

[101]  Arzamendi  G,  Campoa  I,  Arguinarena  E,  Sanchez  M,  Montes  M,  Gandia  LM. 
Synthesis  of  biodiesel  with  heterogeneous  NaOH/alumina  catalysts:  com¬ 
parison  with  homogeneous  NaOH.  Chemical  Engineering  2007;134:123-30. 

[102]  Granados  ML,  Poves  MDZ,  Alonso  DM,  Mariscal  R,  Galisteo  FC,  Moreno-Tost 
R,  et  al.  Biodiesel  from  sunflower  oil  by  using  activated  calcium  oxide. 
Applied  Catalysis  B:  Environmental  2007;73:317-26. 


103] 

104] 

105] 

106] 

107] 

108] 

109] 

110] 
111] 

112] 

113] 

114] 

115] 

116] 

117] 

118] 

119] 

120] 
121] 

122] 

123] 

124] 

125] 

126] 

127] 

128] 

129] 

130] 

131] 

132] 


Sreeprasanth  PS,  Srivastava  R,  Srinivas  D,  Ratnasamy  P.  Hydrophobic,  solid 
acid  catalysts  for  production  of  biofuels  and  lubricants.  Applied  Catalysis  A: 
General  2006;314:148-59. 

Albuquerque  MCG,  Jimenez  UI,  Santamaria  GJ,  Merida  JMR,  Moreno  TR, 
Rodriguez  CE,  et  al.  CaO  supported  on  mesoporous  silicas  as  base  catalysts 
for  transesterification  reactions.  Applied  Catalysis  A:  General  2008;334: 
35-43. 

Huaping  Z,  Zongbin  W,  Yuanxiao  C,  Ping  Z,  Shije  D,  Xiaohua  L,  et  al. 
Preparation  of  biodiesel  catalyzed  by  solid  super  base  of  calcium  oxide 
and  its  refining  process.  Chinese  Journal  of  Catalysis  2006;27:391-6. 
Agarwal  AK,  Das  LM.  Biodiesel  development  and  characterization  for  use  as 
a  fuel  in  ignition  engine.  Journal  of  Engineering  for  Gas  Turbines  and  Power 
2001;123:440-7. 

Qian  J,  Yun  Z.  Cogeneration  of  biodiesel  and  non-toxic  cottonseed  meal  from 
cottonseed  through  in  situ  alkaline  transesterofication.  Energy  and  Fuels 
2009;23:507-12. 

Patil  PD,  Deng  S.  Optimization  of  biodiesel  production  from  edible  and 
nonedible  vegetable  oils.  Fuel  2009;88:1302-6. 

Dunn  RO,  Bagby  MO.  Low-temperature  properties  of  triglyceride-based 
diesel  fuels:  transesterified  methyl  esters  and  petroleum  middle  distillate/ 
ester  blends.  Journal  of  American  Oil  Chemists’  society  1995;72:895-904. 
Lim  S,  Teong  LK.  Recent  trends,  opportunities  and  challenges  of  biodiesel  in 
Malaysia:  an  overview.  Renewable  and  Sustainable  Energy  Reviews  2010; 
14:938-54. 

Ahmad  M,  Khan  MA,  Zafar  M,  Hasan  A,  Ahmad  Z,  Gulraiz  A,  et  al.  Base 
catalyzed  transesterification  of  Brassica  alba  oil  and  its  association  with 
mineralogy  to  environment  friendly  biodiesel.  Asian  Journal  of  Chemistry 
2008;20:6402-10. 

Rashid  U,  Anwar  F.  Production  of  biodiesel  through  base-catalyzed  transes¬ 
terification  of  safflower  oil  using  an  optimized  protocol.  Energy  and  Fuels 
2008;22:1306-12. 

Singh  SP,  Singh  D.  Biodiesel  production  through  the  use  of  different  sources 
and  characterization  of  oils  and  their  esters  as  the  substitute  of  diesel:  a 
review.  Renewable  and  Sustainable  Energy  Reviews  2010;14:200-16. 
Candeia  RA,  Silva  MCD,  Carvalho  FJR,  Brasilino  MGA,  Bicudo  TC,  Santos  IMG, 
et  al.  Influence  of  soybean  biodiesel  content  on  basic  properties  of 
biodiesel-diesel  blends.  Fuel  2009;4:738-43. 

Rao  PS,  Gopalakrishnan  KV.  Vegetable  oils  and  their  methyl  esters  as  fuels 
for  diesel  engines.  Indian  Journal  of  Technology  1991;6:292-7. 

Leung  DYC,  Wu  X,  Leung  MKH.  A  review  on  biodiesel  production  using 
catalyzed  transesterification.  Applied  Energy  2010;87:1083-95. 

Bhatnagar  AK,  Savita  K,  Chhibber  VK,  Gupta  AK.  HFRR  studies  on  methyl 
esters  of  nonedible  vegetable  oils.  Energy  and  Fuels  2006;3:1341-4. 
Peterson  CL,  Reece  DL,  Cruz  R,  Thampson  J.  A  comparison  of  ethyl  and 
methyl  esters  of  vegetable  oils  as  diesel  fuel  substitute.  Liquid  fuels  from 
renewable  resources.  In:  Proceedings  of  an  alternative  energy  conference  of 
ASAE;  1992p.  99-110. 

Dorado  MP,  Ballesteros  E,  Lopez  FJ,  Mittelbach  M.  Optimization  of  alkali- 
catalyzed  transesterification  of  Brassica  carinata  oil  for  biodiesel  production. 
Energy  and  Fuels  2004;18:77-83. 

Bamgboye  I,  Hansen  AC.  Prediction  of  cetane  number  of  biodiesel  from  the 
fatty  acid  methyl  ester  composition.  International  Agrophysics  2008 ;22: 
21-9. 

Biodiesel  standard,  DIN  V  51606,  Germany  1994;  Biodiesel  standard,  EN 
14214,  European  standard  organization  2003;  Biodiesel  standard,  ASTM 
D6751,  USA;  1999. 

Bhale  PV,  Deshponde  NV,  Thombre  SB.  Improving  the  low  temperature 
properties  of  biodiesel  fuel.  Renewable  Energy  2009;34:794-800. 
Cvengrosova  J,  Cvengrosova  Z,  Hoka  C.  Conversion  of  acyl  glycerols  to 
methyl  esters  by  TLC  method.  Petroleum  and  Coal  2002;44:67. 

Pinto  AC,  Guarieiro  LLN,  Rezende  MJC,  Ribeiro  NM,  Tories  EA,  Lopes  WA. 
Biodiesel:  an  overview.  Journal  of  the  Brazilian  Chemical  Society  2005;16: 
1313-30. 

Cvengrosova  J,  Cvengrosova  Z.  Quality  control  of  rapeseed  oil  methyl  esters 
by  determination  of  acyl  conversion.  Journal  of  American  Oil  Chemists’ 
Society  1994;71:1349-52. 

Cvengrosova  Z,  Cvengros  J,  Hronec  M.  Rapeseed  oil  ethyl  esters  as  alter¬ 
native  fuels  and  their  quality  control.  Petroleum  and  Coal  1997;39:36-40. 
Cvengrosova  J,  Paligova  J,  Cvengrosova  Z.  Properties  of  alkyl  esters  based  on 
castor  oil.  European  Journal  of  Lipid  Science  and  Technology  2006;  108: 
629-35. 

Mittelbach  M.  Diesel  fuel  from  vegetable  oils,  V:  gas  chromatographic 
determination  of  free  glycerol  in  transesterified  vegetable  oils.  Chromato- 
graphia  1993;37:623-6. 

Boocock  DGB.  Single  phase  process  for  production  of  fatty  acid  methyl 
esters  from  mixtures  of  triglycerides  and  fatty  acids.  WO  0112581;  2001. 
Demirbas  A.  Biodiesel  fuels  from  vegetable  oils  via  catalytic  and  non- 
catalytic  supercritical  alcohol  transesterifications  and  other  methods:  a 
survey.  Energy  Conversion  and  Management  2003;44:2093-109. 

Goering  CE,  Schwab  AW,  Daugherty  MJ,  Pryde  EH,  Heakin  AJ.  Fuel  properties 
of  eleven  oils.  Transactions  of  the  American  Society  of  Agricultural  Engi¬ 
neers  1982;25:1472-83. 

Marchetti  JM,  Miguel  VU,  Errazu  AF.  Possible  methods  for  biodiesel 
production.  Renewable  and  Sustainable  Energy  Reviews  2007;11:1300-11. 


M.  Tariq  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6303-6316 


6316 


[133]  Rezanka  T,  Rezankova  H.  Characterization  of  fatty  acids  and  triacylglycerols 
in  vegetable  oils  by  gas  chromatography  and  statistical  analysis.  Analytica 
Chimica  Acta  1999;398:253-61. 

[134]  Anonymous.  The  wealth  of  India:  raw  materials.  New  Delhi:  Publication  & 
Information  Directorate,  Council  of  Scientific  &  Industrial  Research;  1959. 

[135]  Giannelos  PN,  Zannikos  F,  Stournas  S,  Lois  E,  Anastopoulos  G.  Tobacco  seed 
oil  as  an  alternative  diesel  fuel:  physical  and  chemical  properties.  Industrial 
Crops  and  Products  2002;16:1-9. 

[136]  Tyagi  PD,  Kakkar  KK.  Non-conventional  vegetable  oils.  New  Delhi:  Batra 
Book  Service;  1991. 

[137]  Trathnigg  B,  Mittelbach  M.  Analysis  of  triglyceride  methanolysis  mixtures 
using  isocratic  HPLC  with  density  detection.  Journal  of  Liquid  Chromato¬ 
graphy  1990;13:95-102. 

[138]  Lozano  P,  Chirat  N,  Graille  J,  Pioch  D.  Measurement  of  free  glycerol  in 
biofuels.  Fresenius  Journal  of  Analytical  Chemistry  1996;354:319-22. 

[139]  Knothe  G.  Analytical  methods  used  in  the  production  and  fuel  quality 
assessment  of  biodiesel.  Transactions  of  the  American  Society  of  Agricul¬ 
tural  Engineers  2001;44:193-200. 

[140]  Holcapek  M,  Jandera  P,  Fischer  J,  Prokes  B.  Analytical  monitoring  of  the 
production  of  biofuel  by  high  performance  liquid  chromatography  with 
various  detection  methods.  Journal  of  Chromatography  A  1999;858:13-31. 

[141]  Komers  K,  Stloukal  R,  Machek  J,  Skopal  F.  Biodiesel  from  rapeseed  oil, 
methanol  and  KOH.  3.  Analysis  of  composition  of  actual  mixture.  European 
Journal  of  Lipid  Science  and  Technology  2001;103:363-71. 

[142]  Gelbard  G,  Bres  O,  Vargas  RM,  Vielfaure  F,  Schuchardt  UF.  Nuclear 
Magnetic  Resonance  determination  of  the  yield  of  the  transesterification  of 
rapeseed  oil  with  methanol.  Journal  of  American  Oil  Chemists’  Society  1995; 
72:1239-41. 

[143]  Morgenstern  M,  Cline  J,  Meyer  S,  Cataldo  S.  Determination  of  the  kinetics  of 
biodiesel  production  using  proton  nuclear  magnetic  resonance  spectroscopy 
(’H  NMR).  Energy  and  Fuels  2006;20:1350-3. 

[144]  Costa  NPR,  Caro  MSB,  Mazzuco  LM,  Nascimento  MG.  Quantification  of 
soybean  oil  ethanolysis  with  1H  NMR.  Journal  American  Oil  Chemists’ 
Society  2004;81:1111-4. 

[145]  Dimmig  T,  Radig  W,  Knoll  C,  Dittmar  T.  13C  NMR  Spektroskopie  zur 
Bestimmung  von  Umsatz  und  Reaktionskinetikder  Umesterungvon 
Triglyceriden  zu  Methylestern.  Chemicals  Technology  1999;51:326-9. 


[146]  Knothe  G.  Rapid  monitoring  of  transesterification  and  accessing  biodiesel 
fuel  quality  by  near-infrared  spectroscopy  using  a  fibre  optic  probe.  Journal 
of  American  Oil  Chemists’  Society  1999;76:795-800. 

[147]  Knothe  G.  Monitoring  a  processing  transesterification  reaction  by  fibre-optic 
color  near  infrared  spectroscopy  with  correlation  to  1H  nuclear  magnetic 
resonance.  Journal  of  American  Oil  Chemists’  Society  2000;77:489-93. 

[148]  Zagonel  GF,  Peralta  PG,  Ramos  LP.  Multivariate  monitoring  of  soybean  oil 
ethanolysis  by  FTIR.  Talanta  2004;63:1021-5. 

[149]  Siatis  NG,  Kimbaris  AC,  Pappas  CS,  Tarantilis  PA,  Polissiou  MG.  Improvement 
of  biodiesel  production  based  on  the  application  of  ultrasound:  monitoring 
of  the  procedure  by  FTIR  spectroscopy.  Journal  of  American  Oil  Chemists’ 
Society  2006;83:53-7. 

[150]  Ghesti  GF,  de  Macedo  JL,  Braga  VS,  de  Souza  ATCP,  Parente  VCI,  Figueredo 
ES,  et  al.  Application  of  Raman  spectroscopy  to  monitor  and  quantify  ethyl 
esters  in  soybean  oil  transesterfication.  Journal  of  American  Oil  Chemists’ 
Society  2006;83:597-601. 

[151]  Ghesti  GF,  de  Macedo  JL,  Resck  IS,  Dias  JA,  Dias  SCL.  FT-Raman  spectroscopy 
quantification  of  biodiesel  in  a  progressive  soybean  oil  transesterification 
reaction  and  its  correlation  with  1H  NMR  spectroscopy  methods.  Energy  and 
Fuels  2007;21:2475-80. 

[152]  Barone  JR.  233rd  ACS  National  Meeting,  paper  AGRO-153.  Chicago;  March 
2007.  p.  25-9. 

[153]  Trevisan  MG,  Garcia  CM,  Schuchardt  U,  Poppi  RJ.  Evolving  factor  analysis- 
based  method  for  correcting  monitoring  delay  in  different  batch  runs  for 
use  with  PLS:  on-line  monitoring  of  a  transesterification  reaction  by  ATR- 
FTI.  Talanta  2008;74:971-6. 

[154]  Dube  MA,  Zheng  S,  McLean  DD,  Morris  K.  Biodiesel  production  from  waste 
frying  oil  conversion  monitoring  and.  modeling.  Journal  of  American  Oil 
Chemists’  Society  2004;81:599-603. 

[155]  Arzamendi  G,  Arguinarena  E,  Campo  I,  Gandia  LM.  Monitoring  of  biodiesel 
production:  simultaneous  analysis  of  the  transesterification  products  using 
size-exclusion  chromatography.  Chemical  Engineering  2006;122:31-40. 


